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(57) Abstract 



Engineered particles are provided for the delivery of a bioactive agent to the respiratory tract of a patient. The particles may be used 
in the form of dry powders or in the form of stabilized dispersions comprising a nonaqueous continuous phase. In particularly preferred 
embodiments the particles may be used in conjunction with an inhalation device such as a dry powder inhaler, metered dose inhaler or a 
nebulizer. 
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PERFORATED MICROPARTICLES AND METHODS OF USE 

Field of the Invention 

S The present invention relates to formuletions and methods for the production of perforated 

microstructures which comprise en active agent. In particularly preferred embodiments, the active agent will 
comprise a bioactive agent. The perforated microstructures will preferably be used in conjunction with 
inhalation devices such as a metered dose inhaler, dry powder inhaler or nebulizer for both topical and 
systemic delivery via pulmonary or nasal routes. 

10 

Background of the Invention 

Targeted drug delivery means are particulariy dearable where toxicity or bioavailabifity of the 
phamiaceutical compound is an issue. Specific drug delivery methods and compositions that effectively deposit the 
compound at the site of action potentially senra to minimize toxic side effects* lower dosing requrements and 

1 5 decrease tiierapeutic costs. In this regardr the development of such systems for pulmonary drug deKvery has long 
been a goal of the phannaceutical industry. 

The three most common systems presently used to deliver dnigs locally to the pulmonary air passages are 
dry powder inhders (DPIs), metered dose inhalers (MDIs) and nebulizers. MDIs, the most popular metiiod of 
inhalation administration, may be used to deliver medicaments in a sdubOized form or as a dispersion. Typically MDIs 

20 comprise a Freon or other rdatively high vapor pressure propeflant that forces aerosolized medication into the 
respiratory tract upon activation of the device. Unlike MDIs, DPIs generally rely entirely on the patient's inspiratory 
efforts to introduce a mecficannent in a dry powder form to the lungs. Rnally, nebulizers fomi a medicament eerosol 
to be inhaled by imparting energy to a liqud solution. More recently, (fimct pulmonary defivery of drugs during fiquid 
ventilation or pulmonary lavage using a fluorochemical medium has dso been explored. While each of these methods 

•25 and assodated systems may prove effecth/e in selected situations, inherent drawbacks, including fonnulation 
limitations, can limit their use. 

The MDI is dependent on the propulsive force of the propellent system used in its manufacture. 
Traditionally, the propeilant system has consisted of a mixture of chlorofluorocarbons (CFCs) which are 
selected to provide the desired vapor pressure and suspension stability. Currentiy, CFCs such as Freon 11, 

30 Freon 12, and Freon 114 are the most widely used propellents in aerosol formulations for inhalation 
administration. While such systems may be used to deliver solubilized drug, the selected bioactive agent is 
typically incorporated in the form of a fine particulate to provide a dispersion. To minimize or prevent the 
problem of aggregation in such systems, surfactants are often used to coat the surfaces of the bioactive 
agent end assist in wetting the particles with the eerosol propeilant. The use of surfactants in this way to 

35 maintain substantially uniform dispersions is said to "stabilize" the suspensions. 
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Unfortunately, traditional chiorofluorocarbon propeliants are now believed to deplete stratospheric 
ozone and, as a consequence, are being phased out. This, in turn, has led to the development of aerosol 
formulations for pulmonary drug delivery employing so-called environmentally friendly propellents. Classes of 
propeliants which are believed to have minimal ozone-depletion potential in comparison with CFCs are 
S perfluorinated compounds (PFCs) and hydrofluoroalkanes (HFAs). While selected compounds in these classes 
may function effectively as biocompatible propeliants, many of the surfactants that were effective in 
stabilizing drug suspensions in CFCs are no longer effective in these new propellent systems. As the solubility 
of the surfactant in the HFA decreases, diffusion of the surfactant to the interface between the drug particle 
and HFA becomes exceedingly slow, leading to poor wetting of the medicament particles and a loss of 

10 suspension stability. This decreased solubility for surfactants in HFA propeliants is likely to result in 
decreased efficacy with regard to any incorporated bioactive agent. 

More generally, drug suspensions in liquid fluorochemicals, including HFAs, comprise heterogeneous 
systems which usually require reifispersion prior to use. Yet, because of factors such as patient comfdiance 
obtaining a relatively homogeneous distribution of the pharmaceutical compound is not always easy or 

1 S successful. In addition, prior art formulations comprising micronized particulates may be prone to aggregation 
of the particles which can result in inadequate delivery of the drug. Crystal growth of the suspensions via 
Ostwald ripening may also lead to particle size heterogeneity and can significantly reduce the shelf-life of the 
formulation. Another problem with conventional dispersions comprising micronized dispersants is particle 
coarsening. Coarsening may occur via several mechanisms such as flocculation, fusion, molecular diffusion, 

20 and coalescence. Over a relatively short period of time these processes can coarsen the formulation to the 
point where it is no longer usable. As such, while conventional systems comprising fluorochemical 
suspensions for MDls or liquid ventilation are certainly a substantial improvement over prior art non* 
fluorochemicel delivery vehicles, the drug suspensions may be improved upon to enable formulations with 
improved stability that also offer more efficient and accurate dosing at the desired site. 

25 Similarly, conventional powdered preparations for use in DPIs often fait to provide accurate, 

reproducible dosing over extended periods. In this respect, those skilled in the art will appreciate that 
conventional powders (i.e. micronized) tend to aggregate due to hydrophobic or electrostatic interactions 
between the fine particles. These changes in particle size and increases in cohesive forces over time tend to 
provide powders that give undesirable pulmonary distribution profiles upon ectivation of the device. More 

30 particularly, fine particle aggregation disrupts the aerodynamic properties of the powder, thereby preventing 
targe amounts of the aerosolized medicament from reaching the deeper airways of the lung where it is most 
effective. 

In order to overcome the unwanted increases in cohesive farces, prior art formulations have 
typically used large carrier particles comprising lactose to prevent the fine drug particles from aggregating. 
35 Such carrier systems allow for at least some of the drug particles to loosely bind to the lactose surface and 
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disengage upon inhalation. However, substantial amounts of the drug fail to disengage from the large lactose 
particles and are deposited in the throat. As such, these carrier systems are relatively inefficient with 
respect to the fine particle fraction provided per actuation of the DPI. Another solution to particle 
aggregation is proposed in WO 98/31346 wherein particles having relatively targe geometric diameters (i.e. 

S preferably greater than 1 0 //ml are used to reduce the amount of particle interactions thereby preserving the 
flowability of the powder. As with the prior art carrier systems, the use of large particles apparently reduces 
the overall surface area of the powder preparation reportedly resulting in improvements in flowability and fine 
particle fraction. Unfortunately, the use of rdatively large particles may result in dosing limitations when 
used in standard DPIs and provide for less than optimal dosing due to the potentially prolonged dissolution 

1 0 times. As such, there still remains a need for standard sized particles that resist aggregation and preserve the 
flowability and dispersibility of the resulting powder. 

Accordingly, it is an ol^ect of the present invention to provide methods and preparations that 
advantageously allow for the nasal or pulmonary admirvstration of powders having relatively high fine particle 
fractions. 

15 It is a further object of the present invention to proviib stabilized preparations suitable for aerosofization 

and subsequent adMnistration to the pulmonary air passages of a patient in need thereof. 

It is yet another object of the present invention to provitb powders that may be used to provide stabilized 
dispersions. 

It is still a further object of the present invention to provide powders exhibiting relatively low cohesive 
20 forces that are compatible for use in dry powder inhalers. 

Summary of the Invention 

These and other objects are provided for by the invention disclosed and claimed herein. To that end, the 
methods and associated compositions of the present invention provide, in a broad aspect, for the improved delivery of 

25 agents to a desired site. More particularly, the present invention may provide for the delivery of bioactive agents to 
selected physiological target sites using perforated microstructure powders. In preferred embodiments, the bioactive 
agents are in a fomfi for administration to at least a portion of the pulmonary air passages of a patient in need 
thereof. To that end, the present invention provides for the fomiation and use of perforated microstructures and 
delivery systems comprising such powders, as well as individual components thereof. The disclosed powders may 

30 further be dispersed in selected suspension media to provide stabilized dspersions. Unlike prior art powders or 
dispersions for drug delivery, the present invention preferably employs novel techniques to reduce attractive forces 
between the particles. As such, the disclosed powders exhibit improved flowability and dispersibiity while the 
disclosed dispersions exhilnt reduced degradation by floccuiation, sedimentation or creaming. Moreover, the 
stabilized preparations of the present invention preferably comprise a suspension medium |e.g. a fluorochemical) that 

35 further serves to reduce the rate of degradation with respect to the incorporated bioactive agent. Accordingly, the 
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dispersions or powders of the present invention may be used in conjunction with metered dose inhalers, dry powder 
inhalers atomizers, nebtdzers or liquid dose instillation (LDI) techniques to provide for effective drug cteBvery. 

With regard to particulariy preferred embodiments, the hollow andfcv porous perforated microstructures 
substantially reduce attractive molecidar forces, such as van der Waals forces which dominate prior art powdered 
5 preparations and cfispersions. In this respect, the powdered compositions typically have relatively low bulk densities 
which contribute to the flowability of the preparations while providing the desired characteristics for inhalation 
therafses. More particulariy, the use of relatively low density perforated (or porous) microstructures or 
nricroparticulates significantly reduces attractive forces between the particles thereby lowering the shear f ortxs and 
increasing the flowability of the resulting powders. The rdathrely low density of the perforated microstmctures also 
10 provides for superior aerodynan^c perfonnance when used in inhdation therapy. When used in dispersions, the 
physical characteristics of the powders provide for the fomiation of stable preparations. Moreover, by selecting 
dispersion components in accordance with the teachings herein, interpartide attractive forces may further be 
reduced to provide fonnulations having enhanced stability. 

Accordingly, select embotfiments of the invention provide for powders having increased dispersibiiity 
1 S comprising a plirality of perforated microstructures having a bulk density of less than about 0.5 gicm^ wherein 
said perforated microstructure powder comprises an active agent. 

With regerd to the perforated microstructures, those skilled in the art will appreciate that they may be 
formed of any biocompatible material provicEng the desired physical characteristics or morphology. In this respect 
the perforated microstructures will preferably comprise pores, voids, defects or other interstitial spaces that act to 
20 reduce attractive forces by minimizing surface interactions and decreasing shear forces. Yet, given these 
constraints, it will be appreciated that any material or configuration may be used to f onn the microstructure matrix. 
As to the selected materials, it is desirable that the microstructure incorporates at least one surfactant. Preferably, 
this surfactant will comprise a phospholipid or other surfactant approved for pulmonary use. Similarly, it is preferred 
that the microstructures incorporate at least one active agent which may be a bioactive agent. As to the 
25 configuration, partculariy preferred embodiments of the invention incorporate spray dried, hollow microspheres 
having a relatively thin porous wall defining a large internal void, although, other void containing or perforated 
structures are contemplated as well. In preferred embodiments the perforated microstructures will further comprise 
a bioactive agent. 

Accordingly, the present invention provides for the use of a bioactive agent in the manufacture of a 
30 medicament for pulmonary delivery whereby the medjcament comprises a plurality of perforated microstructures 
which are aerosolized using an inhalation device to provide aerosolized medicament comprising said bioactive agent 
wherein said aerosolized medicament is admirastered to at least a portion of the nasal or pulmonary air passages of a 
patient in need thereof. 

It wiO further be appreciated that, in selected embocfiments, the present invention comprises methods for 
3 5 f omiing perforated microstructures that exhibit improved dispersibOity. In this regard, it will be appreciated that the 
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(fisctosed perforated microstructures reduce ettractive molecular forces, such as van der Waals forces, which 
dominate prior art powdered preparations. That is, uhlikB prior art preparations comprising idatively dense, solid 
partidas or nonporous particles (e.g. micronizedl, the powdered compositions of the present invention exhibit 
increased flowaUlity and dispersib9ity due to the lower shear forces. In part, this reduction in cohesive forces is a 
S result of the novel production methods used to provide the desired powders. 

As such, preferred embodiments of the invention provide methods for forming a perforated 
microstructure comprising the steps of: 

providing a liquid feed stock comprising an active agent; 

atomizing said liqud feed stxk to produce dispersed liquid droplets; 
10 drying said Gqurd droplets under predetermined conrfitions to form perforated nucrostructures comprising 

said active agent; and 

collecting said perforated microstructures. 

With regard to the fonnation of the perforated microstructures it will ba appreciated that in preferred 
embodiments, the particles will be spray dried using commemially available equipment. In this regard the feed stock 

1 S vM preferably comprise a blowing agent that may be selected from fluorinated compounds and nonfluorinatad oils. 
Preferably, the fluorinated compounds will have a boiling point of greater than about 60°C. Within the context of the 
instant invention the fluorinated blowing agent may be retained in the perforated microstructures to further increase 
the (f spersibHty of the resulting powder or improve the stability of dispersions incorporating the same. Further, 
nonfluorinated oils may be used to increase the sohibifity of selected bioactive agents (e.g. steroids} in the feed stock, 

20 resulting in increased concentrations of bioactive agents in the perforated miaostmctures. 

As discussed above, the dispersibiiity of the perforated microstructure powders may be increased by 
reducing, or minimizing, the van der Waals attractive forces between the constituent perforated 
microstructures. In this regard, the present invention further provides methods for increasing the dispersibiiity 
of a powder comprising the steps of: 

25 providing a liquid feed stock comprising an active agent; and 

spray drying said liquid feed stock to produce a perforated microstructure powder having a bulk density of 
less than about 0.5 g/cm^ wherein said powder exhibits reduced van der Waals attractive forces when compared to a 
relatively non-porous powder of the same composition. In particulady preferred embodiments the perforated 
microstructures will comprise hollaw, porous microspheres. 

30 The blowing agent may be dispersed in the carrier using techniques known in the art for the 

production of homogenous dispersions such a soiucation, mechanical mixing or high pressure homogenization. 
Other methods contemplated for the dispersion of blowing agents in the feed solution include co-mixing of 
two fluids prior to atomization as described for double nebulization techniques. Of course, it will be 
appreciated that the atomizer can be customized to optimize the desired particle characteristics such as 

35 particle size, in special cases e double liquid nozzle may be employed. In another emboifiment, the blowing 
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agent may ba dispersed by introducing the agent into the solution under elevated pressures such es in the 
case of nitrogen or cerbon (Doxide gas. 

As to the dejivery of perforated microstructure powders or stabiiized dispersions, another aspect of 
the present invention is directed to inhalation systems for the admirastration of one or more bioactive agents 
to a patient As such, the present invention provides systans for the pulmonary edministration of a Uoactive 
agent to a patient comprising: 

an inhalation device comprising a reservoir; and 

a powder in said reservoir wherein said powder comprises a i^urality of perforated microstructures having 
a bulk dendty of less than about 0.5 g/cm^ wherein said perforated nucrostructure powder comprises a bioactive 
agent whereby said inhalation device provides for the eerosoized administration of said powder to at least a portion 
of the pulmonary air passages of a patient in need thereof. As elluded to above, it wiS be appreciated that an 
inhdation device may comprise an atomizer, a sprayer, a dry powder inhaler, a metered dose inhaler or a nebulizer. 
Moreover, the reservior may be a unit dose container or bulk reservior. 

In other emodimBnts, the perforated microstructure powders may be dispersed in an appropriate 
suspension medium to provide stabBized dispersions for deRvery of a selected agent Such dispersions are particulariy 
useful in metered dose irthalers and nebulu»rs. In this regaril particulariy preferred siepension mediims comprise 
f luorochemfcds ie.g. perfluorocarbons or fluorocarbons) that are liqud at room temperature. As discussed above, It 
is well established that many fluorochemicals have a proven history of safety and biocompatibility in the lung. 
Further, in contrast to aqueous solutions, fluorochemicsJs do not negatively impact gas exchange. Moreover, 
because of their unique vwettabiTrty characteristics, fluorochemicals may be able to provide for the dispersion of 
particles deeper into the lung, thereby improving systemic delivery. Finally, many fluorochemicals are also 
bacteriostatic thereby decreasing the potential for microbial growth in compatible preparations. 

Whether administered in the form of a dry powder or stabilized cfispersion, the present invention provides 
for the effective ttelivery of bioactive agents. As used herein, the tenns "bioactive agent" refers to a substance 
wNch is used in connection with an application that is therapeutic or diagnostic in nature, such as methods for 
diagnosing the presence or absence of a tfisease in a patient and/or methods for treating disease in a patient. As to 
compatible bioactive agents, those skilled in the art will appr«:iatB that any therapeutic or dagnostic agent may be 
incorporated in the stabilized tfispersions of the present invention. For example, the teoactive agent may be selected 
from the group conasting of antiaHergics, bronchodiiators, bronchoconstrictors, pulmonary lung surfactants, 
analgesics, antibiotics, leukotriene inhibitors or antagonists, anticholinergics, mast cell inhibitors, antihistamines, 
antiinflammatories, antineoplastics, anesthetics, anti-tuberculars, imaging agents, cardiovascular agents, enzymes, 
steroids, genetic material, viral vectors, antisense agents, proteins, peptides and combinations thereof. In preferred 
embodiments the bioactive agents comprise compounds wHch are to be administered systemically li.e. to the 
systemic circiiation of a patient) such as peptides, proteins or pdynucleotides. As will be dsdosed in more detail 
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below, the bioactive cgent may be incorporatei blended in, coated on or otherwise associated with the perforated 
microstructure. 

Accorifinglyr the present invention provides methods for the pulmonary delivery of one or more bioective 
agents comprising the steps of: 

5 providing a powder comprising a plurality of perforated microstructures having a bulk density of less 

than about 0.5 g/cm^ wherein said perforated microstructure powder comprises a bioactive agent; 

aerosolizing said perforated microstructure powder to provide en eerosolized medicament; and 
admiristering e therapeutically effective amount of sad aerosoBzed medicament to at least a portion of the 
nasal or pulmonary passages of a patient in need thereof. 
10 As used herein the term "aerosolized" shall be held to mean a gaseous suspension of fine solid or 

liquid particles unless otherwise dicteted by contextual restraints. That is, an aerosol or aerosolized 
medicament may be generated, for example, by a dry powder inhaler, a metered dose inhaler, an atomizer or a 
nebulizer. 

With respect to the dsdosed powders, the selected agent or bioactive agent, or agents, may be used as 
1 5 the sole structural component of the perforated microstmctures. Conversely, the perforated microstructures may 
comprise one or more components (i.e. structural materials, surfactants, exdpients, etc.) in adtfition to the 
incorporated egent. In particuiady preferred embodiments, the suspended perforated microstructures will comprise 
relativdy high concentrations of surfactant (greater than about 10% w/w) along with an incorporated bioactive 
agantis). Finally, it should be appreciated that the particulate or perforated microstructure may be coated, linked or 
20 otherwise assrciated with an agent or bioactive agem in a nonnntegrai manner. Whatever configuration is selected. 
It will be appreciated that any associated bioactive agent may be used in its natural form, or as one or more salts 
known in the art. 

While the powders or stabilized dispersions of the present invention are particularly suitable for the 
pulmonary administration of bioactive egents, they may also be used for the localized or systemic 
25 administration of compounds to any location of the body. Accordingly, it should be emphasized that, in 
preferred embodiments, the formulations may be administered using a number of different routes including, 
but not limited to, the gastrointestinal tract, the respiratory tract, topically, intramusculariy, intraperitoneally, 
nasally, vaginally, rectally, aurally, orally or ocularly. 

Other objects, features and advamages of the present invention will be apparent to those skilled in the art 
3 0 from e consideration of the following detailed description of preferred exemplary emboifiments thereof. 

Brief Description of the Drawinos 

Figs. 1A1 to 1F2 illustrate changes in particle morphology as a function of variation in the ratio of 
fluorocarbon blowing agent to phospholipid (PFC/PC) present in the spray dry feed. The micrographs, 
35 produced using scanning electron microscopy and transmission electron microscopy techniques, show that in 
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the absence of FCs, or at low PFCfPC ratios, the resulting spray dried microstructures comprising gentamidn 
sulfate are neither particularly hollow nor porous. Conversely, at high PFC/PC ratios, the particles contain 
numerous pores and ere substantially hollow with thin walls. 

Fig. 2 depicts the suspension stability of gentamicin particles in Perfiubron as a function of 
formulation PFCIPC ratio or particle porosity. The particle porosity increased with increesing PFCIPC ratio. 
Maximum stability was observed with PFC/PC ratios between 3 to 15, illustrsting a preferred morphology for 
the perfiubron suspension media. 

Fig. 3 is e scanning electron microscopy imsge of perforated microstructures comprising cromolyn 
sodium illustrating a preferred hollow/porous morphology. 

Figs. 4A to 40 are photogrephs illustrating the enhanced stability provided by the dispersions of the 
present invention over time as compared to a commercial cromolyn sodium formulation (Inter, Rhone-Poulenc- 
Rorerl. In the photographs, the commerdal formulation on the left rapidly separates while the dispersion on 
the right, formed in accordance with the teacMngs herein, remains stable over an extended period. 

Fig. 5 presents results of in-vitro Andersen cascade impactor studies comparing the same hollow 
porous albuterol sulfate formulation delivered via a MOI in HFA-134a, or from an exemplary DPI. Efficient 
delivery of particles was observed from both devices. MDi delivery of the particles was maximized on plate 4 
corresponding to upper airway delivery. DPI delivery of the particles results in substantial deposition on the 
later stages in the impactor corresponding to improved systemic delivery in-vivo. 

Detailed Description Preferred Embodiments 

While the present invention may be embodied in many differenl forms, disclosed herein are specific 
illustrative embodiments thereof that exemplify the principles of the invention. It should be emphasized that 
the present invention is not limited to the specific embodiments iliustrated. 

As discussed above, the present invention provides methods, systems and compositions that 
comprise perforated microstructures which, in preferred embodiments, may advantageously be used for the 
delivery of bioactive agents. In particularly preferred embodiments, the disclosed perforated microstructure 
powders may be used in a dry state (e.g. as in a DPI) or in the form of a stabilized dispersion (e.g. as in a MDI, 
LDI or nebulizer formulation) to deliver bioactive agents to the nasal or pulmonary air passages of a patient. It 
will be appreciated that the perforated microstructures disclosed herein comprise a stmctural matrix that exhibits, 
defines or comprises voids, pores, defects, hollows, spaces, interstitid spaces, apertures, perforations or holes. The 
absolute shape (as opposed to the morphology) of the perforated microstructure is generally not critical and any 
overall configuration that provides the desired characteristics is contemplated as being within the scope of the 
invention. Accordingly, preferred embodiments can comprise approximately microspherical shapes. However, 
coilapsad, deformed or fractured particulates are elso compatible. With this caveat it wiO further be appredated 
that, particulariy preferred embodiments of the invention comprise spray dried hdlow, porous microspheres. In any 
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case the disclosed powders of perforated microstructures provide several advantages including, but not limited to, 
increases in suspension stability, improved dispersibiBty, superior sampling characteristics, elimination of 
carrier particles and enhanced aerodynamics. 

Those skilled in the art will appreciate that many of these aspects are of particular use for dry 
S powder inhaler epptications. Unlike prior art formulations, the present invention provides unique methods and 
compositions to reduce cohesive forces between dry particles, thereby minimizing particulate aggregation* 
which can result in an improved delivery efficiency. As such, the disclosed preparations provide a highly 
flowable, dry powders that can be efficiently eerosoiized, uniformly delivered and penetrate deeply in the lung 
or nasal passages. Furthennore, the perforeted microstructures of the present invention result in surprisingly 

1 0 low throat deposition upon administration. 

in preferred embodiments, the perforated microstructure powders have relatively low bulk density, 
allowing the powders to provide superior sampling properties over compositions known in the art. Currently, 
as explained above, many commercial dry powder fonnulations comprise large lactose particles which have 
micronlzed drug aggregated on their surface. For these prior art formulations, the lactose particles serve as a 

1 5 carrier for the active agents and as a bulking agent, thereby providing means to partially control the fine 
particle dose delivered from the device. In addition, the lactose particles provide the means for the 
commercial filling capability of dry particles into unit dose containers by adding mass and volume to the 
dosage form. 

By way of contrast, the present invention uses methods and compositions that yield powder 
20 formulations having extraordinarily low bulk density, thereby reducing the minimal filling weight that is 
commercially feasible for use in dry powder inhalation devices. That is, most unit dose containers designed 
for OPIs are filled using fixed volume or gravimetric techniques. Contrary to prior art formulations, the 
present invention provides powders wherein the active or bioactive agent and the incipients or bulking agents 
make-up the entire inhaled particle. Compositions according to the present invention typically yield powders 
25 with bulk densities less than 0.5 g/cm' or 0.3 g/cm^ preferably less 0,1 g/cm^ and most preferably less than 
0.05 g/cm\ By providing particles vwth very low bulk density, the minimum powder mass that can be filled 
into a unit dose container is reduced, which eOminates the need for carrier particles. That is, the relatively 
low density of the powders of the present invention provides for the reproducible administration of relatively 
low dose pharmaceutical compounds. Moreover, the elimination of carrier particles will potentially minimize 
30 throat deposition and any "gag" effect, since the lerge lactose particles will impact the throat and upper 
airways due to their size. 

In accordance with the teachings herein the perforated microstructures will preferably be provided 
in a "dry" state. That is the microparticles will possess a moisture content that allows the powder to remein 
chemically end physically stable during storage at ambient temperature and easily dispersible. As such, the 
35 moisture content of the microparticles is typically less than 6% by weight, and preferably less 3% by weight. 
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In some instances the moisture content will be as low as 1 % by weight. Of course it will be appreciated that 
the moisture content Is, at least in part, dictated by the formulation and is controlled by the process 
condtions employed. e.g., inlet temperature, feed concentration, pump rate, and blowing agent type, 
concentration and post drying. 

With respect to the composition of the structural matrix defining the perforated microstructures, they may 
be formed of any material which possesses physicel and chemical characteristics that are compatible with eny 
incorporated active agents. While a wide variety of materials may be used to form the particles, in particuleriy 
preferred phannaceutical embodiments the structural matrix is associated with, or comprises, a surfactant such as 
phospholipid or fluorinated surfactant. Although not required, the incorporation of a compatibte surfactant can 
improve powder flowsbi&ty, increase aerosol efficiency, improve dispersion stability, and fadGtate preparation of a 
suspension. It will be eppredated that, as used herein, the terms ''structural matrix" or "microstructure matrix" are 
equivalent end shall be held to mean any sdid material fanning the perforated microstructures wl^ch define a 
plurality of voids, apertures, hollows, defects, pores, holes, fissures, etc. that provide the desired characteristics. In 
preferred embodiments, the perforated microstructure defined by the structural matrix comprises a spray dried 
hdlow porous microsphere incorporating at least one surfactant tt will further be appreciated that by altering the 
matrix components, the density of the structural matrix may be adjustei Findly, as will be discussed in further 
detdl below, the perforated microstructures preferably comprise at least one ective or bioactive agent. 

As indicated, the perforated microstructures of the present invention may optiondly be assodated with, or 
comprise, one or more surfectants. Moreover, misdble surfactants may optionaOy be combined in the case where 
the micropartides are fomndated in a suspension medium Cqdd phase. It will be appredated by those skilled in the 
art that the use of surfactants, while not necessary to practice the instant invention, may further Increase dispersion 
stability, powder flowability, simplify fonnulation procedures or increase effiriency of delivery. Of course 
combinations of surfactants, induding the use of one or more in the liqdd phase and one or more associated with the 
perforated microstmctures are contemplated as being witWn the scope of the invention. By "assodated with or 
comprise** it is meant that the structurd matrix or perforated microstnjcture may incorporate, adsorb, absorb, be 
coated with or be formed by the surfactant. 

In a broad sense, surfactants suitable for use in the present invention indude any compound or composition 
that aids in the fomiation of perforated micropartides or provides enhanced suspension stability, improved powder 
dispersibility or decreased partide aggregation. The surfactant may comprise a single compound or any combination 
of compounds, such as in the case of co-surfactants. Particularly preferred surfactants ere nonfluorinated end 
selected from the group consisting of saturated and unsaturated lipids, nonionic detergents, nonionic block 
copdymers, ionic surfactants and combinations thereof. In those embodiments comprising stabilized 
dispersions, such nonfluorinated surfactants will preferably be reiativdy insoluble in the suspension medium. 
It should be emphasized that, in addition to the aforementioned surfactants, suitable fluorinated surfactants 
are compatible with the teachings herein and may be used to provide the desired preparations. 
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Lipids, including phospholipids, from both natural and synthetic sources are particulariy compatible 
with the present invention and may be used In varying concentrations to form the structural matrix. 
Generally compatible lipids comprise those that have a gel to liquid crystal phase transition greater than about 
AQ°C, Preferably the incorporated lipids are relatively long chain lie. C,b C22) saturated lipids and more 
5 preferably comprise phospholipids. Exemplary phospholipids useful in the disclosed stabilized preparations 
comprise, dipalmitoylphosphatidylcholine, disteroylphosphatidylcholine, diarachidoylphosphatidylcholine 
dibehenoylphosphatidylcholine, short-chain phosphatidylcholines, long-chain saturated 
phosphatidylethanolamines, long-chain saturated phosphatidylserines, long-chain saturated 
phosphatidylgiycerols, long-chain saturated phosphatidyfinositols, glycolipids, ganglioside 6M1, sphingomyelin, 

1 0 phosphatidic acid, cardiolipin: lipids bearing polymer chains such as polyethylene glycol, chitin, hyaluronic acid, 
or polyvinylpyrrolidone; lipids bearing sulfonated mono-, di-, and polysaccharides; fatty acids such as palmitic 
acid, stearic add, and oleic acid; cholesterol, cholesterol esters, and cholesterol hemisuccinate. Due to their 
excellent biocompatibility characteristics, phospholipids and combinations of phospholipids and poloxamers 
are particulariy suitable for use in the pharmaceutical embodiments disclosed herein. 

13 Compatible nonionic detergents comprise: sorbitan esters induing sorbitan trioleate (Span^ 85), 

soriiitan sesquioleate, sorbitan monooleate, sorbitan monolaurate, polyoxyathylene (20) sorbitan monolaurate, 
and polyoxyethylane (20) sorbitan monooleate, oleyl polyoxyethylene 12) ether, stearyi polyoxyethylana (21 
ether, lauryl polyoxyethylene (4) ether, glycerol esters, and sucrose esters. Other suitable nonionic detergents 
can be easily identified using McCutcheon's Emulsifiers and Detergents (McPublishing Co., Glen Rock, New 

20 Jersey) which is incorporated herein in its entirety. Preferred block copolymers include diblock and triblock 
copolymers of polyoxyethylene and polyoxypropylene, including poloxamer 188 (Pluronic''' F-681, poloxamer 
407 (Pluronic^ F-127), and poloxamer 338. Ionic surfactants such as sodium sulfosuccinate, and fatty acid 
soaps may also ba utilized. In preferred embodiments the microstructures may comprise oleic acid or its alkali 
salt. 

25 In addition to the aforementioned surfactants, cationic surfactants or lipids are preferred especially 

in the case of delivery or RNA or DMA. Examples of suitable cationic lipids include: DOTWIA, N-[l-(2,3- 
dioieyloxy)propyl]-l\l,I\l,N-trimethylammonium chloride; DOTAP, l,2-dioleyloxy-3-(trimethylammonio)propane; 
and DOTE, 1,2-dioleyl-3-(4'-trimethylammDnio)butanoyl sn*glycerol. Polycationic amino acids such as 
polytysine. and polyarginina are also coritemplated. 

30 Besides those surfactants enumerated above, it will further be appreciated that a wide range of 

surfactants may optionally be used in conjunction with the present invention. Moreover, the optimum 
surfactant or combination thereof for a given application can readily be determined by empirical studies that 
do not require undue experimentation. Finally, as discussed in more detail below, surfactants comprising the 
structural matrix may also be useful in the formation of precursor oil-in water emulsions (i.e. spray drying feed 

3 S stock) used during processing to form the perforated microstructures. 
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Unlike prior art formulations, it has surprisrngly been found that the incorporation of relatively Kgh levels of 
surfactants |e^^ phospholipids) may be used to improve powder dispersiblBty, increase suspension stability and 
decrease powder aggregation of the disclosed appEcations. That is, on a weight to weght basiSr the structural 
matrix of the perforated microstnictures mey comprise relatively high levels of surfactant. In this regard, the 
S perforated microstructures will preferably comprise greater than about 1 5%, 1 0%, 1 5%, 1 8%, or even 20% w/w 
surf ectant. More preferably, the perforated microstructures will comprise greater than about 25%, 30%, 35%, 40%, 
45%, or 50% wfw surfactant. Still other exemplary embedments will comprise perforated microstructures wherein 
the surfactant or surfactants are present at greater than about 55%, 60%, 65%, 70%, 75%, 80%, 85%, 90% or 
even 95% w/w. In selected embodiments the perforated microstructures w31 comprise essentialiy 100% w/w of a 
10 surfactant such as a phospholipid. Those skilled in the art will appreciate that, in such cases, the balance of the 
structural matrix (where applicable) will likely comprise a bioactiva agent or non surface active exdpients or 
additives. 

While such surfactant levels are preferably employed in perforated microstructures, they may be used to 
provide stabiRzed systems comprising rdatively nonporous, or substantidly solid, particulates. That is, while preferred 

15 embocfiments will comprise perforated microstructures associated with high levels of surfactant acceptable 
microspheres may be formed using relatively low porosity perticulates of the same surfactant concentration (i.e. 
greater than about 20% w/w). In this respect such high surfactant embodiments are spedficdly contonplated as 
being within the scope of the present invention. 

In other prefen^d embodiments, of the invention the structural matrix defining the perforated 

20 microstmcture optionally comprises synthetic or natural polymers or combinations thereof, in this respect usefid 
polymers comprise pdylactides, poiylactide-glycoBdes, cydodextrins, poiyacryiates, methylcellulose, 
carboxymethylcdiulose, polyvinyl alcohols, pdyanhydrides, polylactams, polyvinyl pyrrdidones, pdysaccharides 
(dextrans, starches, chitin, chitosaa etc.), hyaluronic add, protdns, (albumin, coilagea gdatin, etc.). Examples of 
polymeric resins that would be useful for the preparation of perforated ink micropartides include: styrene- 

25 butadiene, styrene-isoprene, styrene-acrylonitrile, ethylene-vinyl acetate, ethylene-acrylate, ethylene-acrylic 
add, ethylenemethylacrylatate, ethylene-ethyl acrylate, vinyl-methyl methacrylate, acrylic add-methyl 
methacrylate, and vinyl chloride-vinyl acetate. Those sk9led in the art will appredate that, by selecting the 
appropriate polymers, the ddivery efhdency of the perforated micropartides and/or the stability of the dispersions 
may be tdiored to optimize the effectiveness of the active or bioactive agent. 

30 Besides the aforementioned polymer materials and surfactants, it may be desirable to add other 

exdpients to a microsphere formulation to improve partide rigidity, production yidd, ddivery efficiency and 
deposition, shelf-life and patient acceptance. Such optional exdpients indude, but ere not limited to: coloring 
agents, taste masking agents, buffers, hygroscopic agents, antioxidants, and chemicd stabilizers. Further, 
various excipients may be incorporated in, or added to, the particdate matrix to provide structure and form to 

35 the perforated microstructures (i.8. microspheres such as latex partides). in this regard it will be appreciated 
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that the rigidifying components can be removed using a post-production technique such as selective solvent 
extraction. 

Other rigidfying excipients may include, but are not limited to, carbohydrates including 
monosaccharides, disaccharides and polysaccharides. For example, monosaccharides such as dextrose 

S (enhydrous and monohydrate), galactose, mannitoi, D-mannose, sorbitol, sorbose and the like; disaccharides 
such as lactose, maltose, sucrose, trehalose, and the like; trisaccharides such as raffinose and the like; and 
other carbohydrates such as starches (hydroxyethylstarchl, cyclodextrins and maltodextrins. Amino adds are 
also suitable excipients with glydne preferred. Mixtures of cerbohydrates and amino acids are further held to 
be yyritNn the scope of the present invention. The indusion of both inorganic (e.g. sodium chloride, calcium 

10 chloride, etc.), organic salts |e.g. sodium dtrate, sodium ascorbate, magnesium gluconate, sodium gluconate, 
tromethamine hydrochloride, etc.) end buffers is also contemplated. The indusion of salts and organic solids 
such as ammonium carbonate, ammonium acetate, ammonium chloride or camphor are also contemplated. 

Yet other preferred embodiments indude perforated microstructures that may comprise, or may be coated 
with, charged species that prolong residence time at the point of contact or enhance penetration through mucosae. 

1 5 For example, enionic charges am known to favor mucoadhesion while cationic charges may be used to assodate the 
formed microparticulate with negatively charged bioactive agents such as genetic material. The charges may be 
imparted through the assodation or incorporation of polyanionic or pdycationic materials such as polyacrylic adds, 
pdytysine, polylactic add and chitosan. 

In addition to, or bistead of, the components discussed above, the perforated microstructures will 

20 preferably comprise at least one active or bioacthre agent. As used herdn, the term "active agent" simply refers to a 
substance that enables the perforated microstructures to perfonn the desired hjnction. Further, the term "active 
agent" shall be held indusive of the term "bioactive agent" unless otherwise dictated by contextual restraints. 
As to the temi "bioactive agent" it shall be held to comprise any substance that is used in connection with the 
diagnosis or treatment of a disease, condition or physldogicd abnormality in a patient. Particularly preferred 

25 bioactive agents for use in accordance with the invention indude enti-allergics, peptides and proteins, pulmonary lung 
surfectants, bronchodiiators and anti-inflammatory sterdds for use in the treatment of respiratory disorders such as 
asthma by inhalation therapy. Preferred active egents for use in accordance with the present invention indude 
pigments, dyes, inks, paints, detergents, food sweeteners, spices, adsorbants, absorbents, catalysts, 
nudeating agents, thickening agents, polymers, resins, insulators, fillers, fertilizers, phytohormones, insect 

30 pheromones, insect repellents, pet repellents, antifouling agents, pesticides, fungiddes, disinfectants, 
perfumes, deodorants, and combinations of thereof. 

It will be appredated that the perforated microstructures of the present invention may exdusively 
comprise one or more active or bioactive agents |i.e. 100% w/wl. However, in selected embodiments the perforated 
microstructures may incorporate much less bioactive agent depending on the activity thereof. Accordingly, for highly 

35 active materials the perforeted microstructures may incorporate as little as 0.001% by weight although a 
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concentration of greater than about 0.1 % wfw is preferred. Other embodiments of the invention may comprise 
greater than about 5%, 10%, 15%, 20%, 25%, 30% or even 40% w/w active or hioactive agent. Still more 
preferably the perforated microstructures may comprise greater than about 50%, 60%, 70%, 75%, 80% or even 
90% wlw active or Uoactive agent. The precise amount of active or bioactive agent incorporated in the perforated 
5 miaostructures of the present invention is dependent upon the agent of choice, the required dose, and the form of 
the agent actuaOy used for incorporation. Those skilled in the art will appreciate that such detemiinations may be 
made by using weH-known phannacological techniques in combination with the teachings of the present invention. 

With regard to phemiaceutical preparations, any bioactive agent that may be formulated in the 
disclosed perforated microstructures is expressly held to be within the scope of the present invention. In 
10 particularfy preferred embodiments, the selected bioactive agent may be administered in the form of an 
aerosolized medicaments. Accordingly, particularly compatible bioactive agents comprise any drug that may 
be formulated as a flowable dry powder or which is relatively insoluble in selected dispersion media. In 
addition, it is preferred that the formulated agents are subject to puimonary or nasal uptake in physiologically 
effective amounts. Compatible bioactive agents comprise hydrophife and lipophiOc respiratory agents, pulmonary 
15 surfactants, bronchodOators, antibiotics, aniivirals, anti-inflammatories, steroid?, antiHstaminics, leukotiiene 
inhibitors or antagonists, antichofinergics, antineoplastics, anesthetics, enzymes, cardiovascular agents, genetic 
material including DNA and RNA, viral vectors, immunoactive agents, imaging agents, vaccines, immunosuppressive 
agents, peptides, proteins and combinations thereof. Particularly preferred bioactive agents for inhalation 
therapy comprise mast cell inhibitors (anti-aliergics|, bronchodilators, and anti-inflammatory steroids such as, 
20 for example, cromoglycate (e.g. the sodium salt), and albuterol (e.g. the sulfate salt). 

More specifically, exemplary medicaments or bioactive agents may be selected from, for example, 
analgesics, e.g. codeine, dihydromorpWne, ergotamine, fentanyl, or morphine; anginal preparations, e.g. 
diltiazem; mast cell inhibitors, e.g. cromolyn sodium; antiinfectives, e.g. cephalosporins, macrolides, quinolines, 
penicillins, streptomycin, sulphonamides, tetracyclines and pentamidine; antihistamines, e.g. methapyrilene; 
25 anti-infiammatories, e.g. fluticasone propionate, beclomethasone dipropionate, flunisoiide, budesonide, 
tripedane, cortisone, prednisone, prednisilone, dexamethasone, betamethasone, or triamcinolone acetonide; 
antitussives, e.g. noscapine; bronchodilators, e.g. ephedrine, adrenaline, fenoterol, formoterol, isoprenaline, 
metaproterenol, salbutamol, albuterol, salmeterol, terbutaline; diuretics, e.g. amiloride; anticholinergics, e.g. 
ipatropium, atropine, or oxitropium; lung surfactants e.g. Surfaxin, Exosurf, Survanta; xanthines, e.g. 
30 aminophylline, theophylline, caffeine; therapeutic proteins and peptides, e.g. DNAse, insulin, glucagon, LHRH, 
nafareiin, goserelin, leuprolide, interferon, rhu lL-1 receptor, macrophage activation factors such as 
lymphokines and muramyl dipeptides, opioid peptides and neuropeptides such as enkephalins, endophins, renin 
inhibitors, cholecystokinins, DNAse, growth homiones, leukotriene inhibitors and the like. In addition, 
bioactive agents that comprise an RNA or DNA sequence, particularly those useful for gene therapy, genetic 
35 vaccination, genetic toierization or antisense applications, may be incorporated in the disclosed dispersions as 
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While several procedures are gerierally compatible with the present invention, particularly preferred 
emfaodments typically comprise perforated microstructures fornied by spray drying. As is well known, spray drying 
is a one-step process that converts a liquid feed to a dried particulate form. With respect to pharmaceutical 
applications, it will be appreciated that spray drying has been used to provide powdered material for various 
5 administrative routes including inhalation. See, for example, M. Sacchetti and M.M. Van Oort in: Inhalation 
Aerosols: Physical and Biological Basis for Therapy, A.J. Mickey, ed. Marcel Dekkar, New York, 1998, which 
is incorporated herein by reference. 

In general, spray drying consists of bringing together a highly dispersed liquid, and a sufficient 
volume of hot air to produce evaporation and drying of the liquid droplets. The preparation to be spray dried 
1 0 or feed (or feed stock) can be any solution, course suspension, slurry, colloidal dispersion, or paste that may 
be atomized using the selected spray drying apparatus. In preferred embodiments the feed stock will 
comprise a colloidal system such as an emulsion, reverse emulsion, microemutsion, multiple emulsion, 
particulate dispersion, or slurry. Typically the feed is sprayed into a cunrent of warm filtered air that 
evaporates the solvent and conveys the dried product to a collector. The spent air is then exhausted with the 
IS solvent. Those skilled in the art will appreciate that several different types of apparatus may be used to 
provide the desired product. For example, commercial spray dryers manufactured by Buchi Ltd. or Niro Corp. 
will effectively produce particles of desired size. 

It will further be appreciated that these spray dryers, and specifically their atomizers, may be 
modified or customized for specialized applications, i.e. the simultaneous spraying of two solutions using a 
20 double nozzle technique. More specifically, a watar-in-oil emulsion can be atomized from one nozzle and a 
solution containing an anti-adherent such as manratol can be co-atomized from a second nozzle. In other 
cases it may be desirable to push the feed solution though a custom designed nozzle using a Ngh pressure liquid 
chromatography (HPLC) pump. Provided that microstructures comprising the correct morphology and/or composition 
are produced the choice of apparatus is not critical and would be apparent to the skilled artisan in view of the 
25 teachings herein. 

WMle the resulting spray-dried powdered particles typically are approximately spherical in shape, 
nearly uniform in size and frequently are hollow, there may be some degree of irregularity in shape depending 
upon the incorporated medicament and the spray drying conditions. In many instances dispersion stability 
and dispersibility of the perforated microstructures appears to be improved if an inflating agent (or blowing 
30 agent) is used in their production. Particularly preferred. embodiments may comprise an emulsion with the 
inflating agent as the disperse or continuous phase. The inflating agent is preferably dispersed with a surfactant 
solution, using, for instance, a commercially available microfluicfizer at a pressure of about 5000 to 15,000 psi. This 
process fomis an emulsion, preferablY stabilized by an incorporated surfactant, typically comprising submicron 
droplets of water Immiscible blowing agent dispersed in an aqueous continuous phase. The formation of such 
35 emulsions using this and other techniques are common and well known to those in the art. The blowing agent is 
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described herein. Representative OI\IA plasmids include, but are not limited to pCMVp (available from 
Genzyme Corp, Framington, WIA) and pCWIV-P-gal (a CMV promotor linked to the E. coli Lac-Z gene, which 
codes for the enzyme p galectosidase). 

in any event, the selected active or bioactive agentfs) may be associated with, or incorporated in, 
the perforated microstructures in any form that provides the desired efficacy and is compatible with the 
chosen production techniques. As used herein, the temis "associate" or "assodating" mean that the stnictural 
matrix or perforated microstructura may comprise, incorporate, adsorb, absorb, be coated with or be fanned by the 
active or bioactive agent. Where appropriate, the actives may be used in the fonm of salts le.g. alkali metal or 
amine salts or as acid addition salts) or as esters or as solvates (hydrates). In this regard the form of the 
active or bioactive agents may be selected to optimize the activity and/or staMRty of the actives andlor to 
minimize the solubility of the agent in the suspension medium andlor to minimize particle aggregation. 

It will further be appreciated that the perforated microstructures according to the invention may, if 
desired, contain a combination of two or more active Ingredients. The agents may be provided in combination 
in a single species of perforated microstructure or individually in separate species of perforated 
microstructures. For example, two or more active or bioactive agents may be incorporated in a single feed 
stock preparation and spray dried to provide a single microstructure species comprising a plurality of active 
agents. Conversely, the individual actives could be added to separate stocks and spray dried separately to 
provide a plurality of microstructure species with different compositions. These indvidual species could be 
added to the suspension medium or dry powder dispensing compartment in any desired proportion end placed 
in the aerosol delivery system as described below. Further, es alluded to ebove, the perforated 
microstructures (with or without an associated agent) may be combined with one or more conventional (e.g. a 
micronized drug) active or bioactive agents to provide the desired dispersion stability or powder dispersibility. 

Based on the foregoing, it will be appreciated by those skilled in the art that a vwde variety of active or 
bioactive agents may be incorporated in the disclosed perforated microstructures. Accortfingly, the list of preferred 
active agents above is exenpiary only and not intended to be Bmiting. It will also be appreciated by those skilled in 
the ert that the proper amount of bioactive agent and the timing of the dosages may be detemiined for the 
formulations in accordance with already existing information and without undue experimentation. 

As seen from the passages above, various components may be associated with, or incorporated in the 
perforated microstructures of the present invention. Similariy, several techniques may be used to provide 
particulates having the desired morphology (e.g. a perforated or hollow/porous configuration), dispersibility and 
density. Among other methods, perforated microstructures compatible with the instant invention may be formed by 
techniques including spray drying, vacuum drying, solvent extraction, emulsification or lyophilization, and 
combinations thereof, it will further be appreciated that the basic concepts of many of these techniques are well 
known in the prior ert and would not, in view of the teachings herdn, require undue experimentation to adapt them 
so as to provide the desired perforated microstructures. 
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preferebly a fluorinated compound (8.g. perfluorohexane, perfluorooctyl bromide, perfluorodecalin, 
perfluorabutyl ethane) which vaporizes during the spray-drying process, leaving behind generally hollow, 
porous aerodynamically light microspheres. As will be discussed in more detail below, other suitable liquid 
blowing agents include nonfluorinated oils, chloroform, Freons, ethyl acetate, alcohols and hydrocarbons. 
5 Nitrogen and carbon (fioxide gases are also contemplated as e suitable blowing agent. 

Besides the aforementioned compounds, inorganic end organic substances which can be removed 
under reduced pressure by sublimation in a post-production step are also compatible with the instant 
invention. These sublimating compounds can be dissolved or dispersed as micronlzed crystals in the spray 
drying feed solution and include emmonium carbonate and camphor. Other compounds compatible with the 

10 present invention comprise rigidifying solid structures which can be dispersed in the feed solution or prepared 
in-situ. These structures are then extracted after the initial particle generation using a post-production 
solvent extraction step. For example, latex particles can be dispersed and subsequently dried with other wall 
forming compounds, followed by extraction with a suitable solvent. 

Although the perforated microstructures are preferably formed using a blowing agent as described 

15 above, it will be appreciated that, in some instances, no additional blowing agent is required and an aqueous 
dispersion of the medicament and/or excipients and surf actant(s) are spray dried directly. In such cases, the 
formulation may be amenable to process conditions le.g., elevated temperatures) that may lead to the 
formation of hoDow, relatively parous micro particles. Moreover, the medicament may possess special 
phYsicochemical properties (e.g., high crystallinity, elevated melting temperature, surface activity, etc.) that 

20 makes it particularly suitable for use in such techniques. 

When a blowing agent is employed, the degree of porosity and dispersibiiity of the perforated 
microstructure appears to depend, at least in part, on the nature of the blowing agent, its concentration in 
the feed stock (e.g. as an emulsion), and the spray drying conditions. With respect to controlling porosity and, 
in suspensions, dispersibiiity it has surprisingly been found that the use of compounds, heretofore 

25 unappreciated as blowing agents, may provide perforated microstructures having particularly desirable 
characteristics. More particularly, in this novel and unexpected aspect of the present invention it has been 
found that the use of fluorinated compounds having relatively high bailing points (i.e. greater than about 
40°C) may be used to produce particulates that are particularly porous. Such perforated microstructures are 
especially suitable for inhalation therapies. In this regard it is possible to use fluorinated or partially 

30 fluorinated blowing agents having boiling points of greater than about 40**C, 50°C, 60°C, 70°C, 80**C, 90°C 
or even 05**C. Particularly preferred blowing agents have boiling points greater than the boiling point of 
water, i.e. greater than IQO^C |e.g. perflubron, perfluorodecalin). In addition blowing agents with relatively 
low water solubility (< 10'^ M) are preferred since they enable the production of stable emulsion dispersions 
with mean weighted particle diameters less than 0.3 ^m. 
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As previously described, these blowing agents will preferably be incorporated in an emulsified feed 
stock prior to spray drying. For the purposes of the present invention this feed stock will also preferably 
comprise one or more active or bioactive agents, one or more surfactants or one or more excipients. Of 
course, combinations of the aforementioned components are also within the scope of the invention. While 
high boiling |> lOO^C) fluorinated blowing agents comprise one preferred aspect of the present invention, it 
will be appreciated that nonfluorinated blowing agents with similar boiling points (> 10Q°C| may be used to 
provide perforated microstructures. Exemplary nonfluorinated blowing agents suitable for use in the present 
invention comprise the formula: 

R'.X-R^ orR'-X 

wherein: R' or R^is hydrogen, aikyl, alkenyl, alkynl, aromatic, cyclic or combinations thereof, X is any group 
containing carbon, sulfur, nitrogen, halogens, phosphorus, oxygen and combinations thereof. 

While not limiting the invention in any way it is hypothesized that, as the aqueous feed component 
evaporates during spray drying it leaves a thin crust at the surface of the particle. The resulting particle wall 
or crust formed during the initial moments of spray drying appears to trap any high boiling blowing agents as 
hundreds of emulsion droplets (ca. 200-300 nm). As the drying process continues, the pressure inside the 
particulate increases thereby vaporizing at least part of the incorporated blowing agent and forcing it through 
the relatively thin crust. This venting or outgassing apparently leads to the fomiation of pores or other 
defects in the microstructure. At the same time remaining particulate components (possibly inclucfing some 
blowing agent) migrate from the interior to the surface as the particle solidifies. This migration apparently 
slows during the drying process as a result of increased resistance to mass transfer caused by an increased 
internal viscosity. Once the migration ceases the particle solidifies, leaving voids, pores, defects, Mm% 
spaces, interstitial spaces, apertures, perforations or holes. The number of pores or defects, their size, and the 
resulting wall thickness is largely dependent on the formulation and/or the nature of the selected blowing 
agent (e.g. boiling point), its concentration in the emulsion, total solids concentration, and the spray-drying 
conditions. It can be greatly appreciated that this type of particle morphology in part contributes to the 
improved powder dispersibility, suspension stability and aerodynamics. 

It has been surprisingly found that substantial amounts of these relatively high boiling blowing 
agents may be retained in the resulting spray dried product. That is, spray dried perforated microstructures 
as described herein may comprise as much as 1%, 3%, 5%, 10%, 20%. 30% or even 40% w/w of the blowing 
agent. In such cases, higher production yields were obtained as a result an increased particle density caused 
by residual blowing agent. It will be appreciated by those skilled in the art that retained fluorinated blowing 
agent may alter the surface characteristics of the perforeted microstructures, thereby minimizing particle 
aggregation during processing and further increasing dispersion stability. Residual fluorinated blowing agent 
in the particle may also reduce the cohesive forces between particles by providing a barrier or by attenuating 
the attractive forces produced during manufacturing {e.g., electrostatics). This reduction in cohesive forces 
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may be particuiariy advantageous when using the disclosed microstructures In conjunction with dry powder 
inhalers. 

Furthermore, the amount of residual blowing agent can be attenuated through the process 
conditions (such as outlet temperature), blowing agent concentration, or boiling point. If the outlet 

5 temperature is at or above the boiling point, the blowing agent escapes the particle and the production yield 
decreases. Preferred outlet temperature will generally be operated at 20, 30, 40, 50, 60, 70, 80. 90 or even 
lOO^C less than the blowing agent boiling point. More preferably the temperature differential between the 
outlet temperature and the boiling point will range from 50 to 150°C. It will be appreciated by those skilled in 
the art that particle porosity, production yield, electrostatics and dispersibility can be optimized by first 

10 identifying the range of process conditions |e.g., outlet temperature) that are suitable for the selected active 
agents and/or excipients. The preferred blowing agent can be then chosen using the maximum outlet 
temperature such that the temperature differential with be at least 20 and up to 150°C. In some cases, the 
temperature differential can be outside this range such as, for example, when producing the particulates 
under supercritical conditions or using lyophilization techniques. Those skilled in the art will further 

IS appreciate that the preferred concentration of blowing agent can be determined experimentally without 
undue experimentation using techraques similar to those described in the Examples herein. 

While residua! blowing agent may be advantageous in selected embodiments it may be desirable to 
substantially remove any blowing agent from the spray dried product. In this respect, the residual blowing 
agent can easily be removed with a post-production evaporation step in a vacuum oven. Moreover, such post 

20 production techniques may be used to provide perforations in the particulates. For example, pores may be 
formed by spray drying a bioactive agent and an exdpient that can be removed from the formed particulates 
under a vacuum. 

In any event, typical concentrations of blowing agent in the feed stock are between 2% and 50% 
v/v, and more preferably between about 10% to 45% v|v. In other embodiments blowing agent 
25 concentrations will preferably be greater than about 5%, 10%, 15%, 20%, 25% or even 30% v/v. Yet other 
feed stock emulsions may comprise 35%, 40%, 45% or even 50% v/v of the selected high bailing point 
compound. 

In preferred embodiments, another method of identifying the concentration of blowing agent used in 
the feed is to provide it as a ratio of the concentration of the blowing agent to that of the stabilizing 

30 surfactant (e.g. phosphatidylcholine or PC) in the precursor or feed emulsion. For fjuorocarbon blowing agents 
(e.g. perfiuorooctyi bromide), and for the purposes of explanation, this ratio has been termed the PFC/PC 
ratio. More generally, it wii! be appreciated that compatible blowing agents andfor surfactants may be 
substituted for the exemplary compounds without falling outside of the scope of the present invention. In 
any event, the typical PFCiPC ratio will range from about 1 to about BO and more preferably from about 10 to 

35 about 50. For preferred embodiments the ratio wili generally be greater than about 5, 10, 20, 25, 30, 40 or 
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even 50. In this respect Fig. 1 shows a series of pictures taken of perforated microstructures formed of 
phosphatidyichoiine (PC) using various amounts of perfluorooctyl bromide (PFC|, a relatively Ngh boiling point 
fluorocarbon as the blowing agent. The PFCfPC ratios are provided under each subset of pictures, i.e. from 
1 A to IF. Formation and imaging conditions are discussed in greater detail in Examfdes I and II below. With 
regard to the micrographs, the column on the left shows the intact microstructures while the column on the 
right illustrates cross-sections of fractured microstructures from the same preparations. 

As may easily be seen in the Fig. 1, the use of higher PFC/PC ratios provides structures of a more 
hollow and porous nature. More particularly, those methods employing a PFCfPC ratio of greater than about 
4.8 tended to provide structures that are particularly compatible with the dry power formulations and 
dispersions disclosed herein. Similariy, Fig. 3, a micrograph which will be discussed in more detail in Example 
Xli below, illustrates a preferably porous morphology obtained by using higher boiling point blowing agents (in 
this case perfluorodecalin). 

While relatively high boiling point blowing agents comprise one prefered aspect of the instant invention, it 
will be appreciated that more conventional and unconventional blowing or inflating agents may also be used to 
provide compatible perforated microstructures. The blowing agent comprises any volatile substance, which can 
be incorporated into the feed solution for the purpose of producing a perforated foanvlike structure in the 
resulting dry microspheres. The blowing agent may be removed during the initial drying process or during a 
post-production step such as vacuum drying or solvent extraction. Suitable agents include: 

1. Dissolved low-boiling (below 100 C) agents miscible with aqueous solutions, such as methylene chloride, 
acetone, ethyl acetate, and elcohds used to saturate the solution. 

2. A gas, such as CO2 or N^or liquid such as Freons, CFCs, HFAs, PFCs, HFCs, HFBs, fiuoroaikanes, and 
hydrocarbons used at elevated pressure. 

3. Emulsions of immiscible low-boiling (below 100 C) liquids suitable for use with the present invention are 
generally of the formula: 

R'-X-R' or R'-X 

wherein: R' or is hydrogen, alkyi, alkenyl, alkynl, aromatic, cyclic or combinations thereof, X is 
any groups containing carbon, sulfur, nitrogen, halogens, phosphorus, oxygen and combinations 
thereof. . Such liquids include: Freons, CFCs, HFAs, PFCs, HFCs, HFBs, fiuoroaikanes, and hydrocarbons. 

4. Dissolved or dispersed salts or organic substances which can be removed under reduced pressure by 
sublimation in a post-production step, such as ammonium salts, camphor, etc. 

5. Dispersed solids which can be extracted after the initial particle generation using a post-production 
solvent extraction step, such particles include latex, etc. 
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With respect to these lower boiling point infleting agents, they are typically added to the feed stock in 
quanthies of about 1 % to 40% v/v of the surfactant solution. Approximately 1 5% v/v inflating agent has been found 
to produce a spray dried powder that may be used to form the stabilized dispersions of the present invention. 

Regardless of which blowing agent is ultimately selected, it has been found that compatible 

5 perforated microstmctures may be produced particularly efficiently using a Buchi mini spray drier (model B- 
191, Switzerland). As will be appreciated by those skilled in the art, the inlet temperature and the outlet 
temperature of the spray drier are not critical but will be of such a level to provide the desired particle size 
and to result in a product that has the desired ectivity of the medicament, in this regerd, the inlet and outlet 
temperatures are adjusted depending on the melting characteristics of the formulation components and the 

1 0 composition of the feed stock. The inlet temperature may thus be between 60^C and 1 70^C, with the outlet 
temperatures of about 40''C to 120^C depending on the composition of the feed and the desired perticulate 
characteristics. Preferably these temperatures will be from SO^C to 120^C for the inlet and from SO'^C to 
gO°C for the outlet. The flow rate which is used in the spray drying equipment will generally be about 3 ml 
per minute to about 15 ml per minute. The atomizer air flow rate will vary between values of 25 liters per 

1 5 minute to about 50 liters per minute. Comrnerdally available spray dryers are well known to those in the art, end 
suitable settings for any particular cfispersion can be readily detennined through standard empirical testing, with due 
reference to the examples that fdlow. Of course, the conditions may be adjusted so as to preserve biological 
activity in larger molecules such as proteins or peptides. 

Though the perforated microstructures are preferably formed using fluorinated idowing agents in 

20 the fomi of an emulsion, It will be appreciated that nonfluorinated oils may be used to increase the loading 
capacity of active or bioactive agents without compromising the microstructure. In this case, selection of the 
nonfluorinated oil is based upon the solubility of the active or bioactive agent, water solubility, boiling point, 
and flash point. The active or bioactive agent will be dissolved in the oil and subsequently emulsified in the 
feed solution. Preferably the oil will have substantial solubilization capacity with respect to the selected 

25 agent, low water solubility ( < lO'MI, boiling point greater than water and a flash point greater than the 
drying outlet temperature, the addition of surfactants, and co-solvents to the nonfluorinated oil to increase 
the solubilization capacity is also within the scope of the present invention. 

In particularly preferred embodiments nonfluorinated oils may be used to soluUlize agents or 
bioactive agents that have limited solubility in aqueous compositions. The use of nonfluorinated oils is of 

30 particular use for increasing the loading capacity of steroids such as beclomethasone dipropionate end 
triamcinolone acetonide. Preferably the oil or oil mixture for solubilizing these clathrate forming steroids will 
have a refractive index between 1.36 and 1.41 |e.g. ethyl butyrate, butyl carbonate, dibutyl ether). In 
addition, process conditions, such es temperature and pressure, may be adjusted in order to boost solubility of 
the selected agent. It will be appreciated that selection of an appropriate oil or oil mixtures and processing 
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conditions to maximize the loading cepacity of an agent are well within the purview of e skilled artisan in view 
of the teachings herein and may be accomplished without undue experimentation. 

Particularly preferred embottments of the present invention comprise spray drying preparations comprising 
a surfactant such as a phospholipid and at least one active or bioactive agent. In other embotfiments the spray 

5 drying preparation may further comprise an exdpient comprising a hydrophBic moiety such as, for example, a 
carbohydrate (i.a glucose, isctose, or starch) in eddition to any selected surfactant. In this regard various starches 
and derivatized stamhes suitable for use in the present invention. Other optional components may incluife 
conventional viscosity modifiers, buffers such as phosphate buffers or other conventional biocompatible buffers or 
pH adjusting agents such as acids or bases, and osmotic agents (to provide isotonidty, hyperosmolarity, or 

1 0 hyposmolarity). Examples of suitable salts include sodium phosphate (both monobasic and dibasic), sodium chloride, 
calcium phosphate, calcium chloride and other physiologically acceptaUe salts. 

Whatever components are selected, the first step in particulate production typicelly comprises feed 
stock preparation. Preferably the selected drug is dissolved in water to produce a concentrated solution. The 
drug may also be dispersed directly in the emulsion, particulariy in the case of water insoluble agents. 

1 S Alternatively, the drug may be incorporated in the fomi of a solid particulate dispersion. The concentration of 
the active or bioactive agent used is dependent on the amount of agent required in the final powder and the 
perfonnance of the delivery device employed (e.g., the Hne particle dose for a MOi or DPI). As needed, 
cosurf octants such as poloxamer 188 or span 80 may be dispersed into this annex solution. Additionally, 
excipients such as sugars and starches can also be added. 

20 In selected embodiments an oll in-water emulsion is then formed in a separate vessel. The oil 

employed is preferably a fluorocarbon (e.g., perfluorooctyl bromide, parfluorodecalinl which is emulsified using 
a surfactant such as a long chain saturated phospholipid. For example, one gram of phospholipid may be 
homogenized in 150 g hot distilled water (e.g., 60^C| using a suitable high shear mechanical mixer (e.g., Ultra- 
Turrax mode! T-25 mixer) at 8000 rpm for 2 to 5 minutes. Typically 5 to 25 g of fluorocarbon is added 

25 dropwise to the dispersed surfactant solution while mixing. The resulting perfluorocarbon In water emulsion is 
then processed using a high pressure homogenizer to reduce the particle size. Typically the emulsion is 
processed at 1 2,000 to 18,000 psi, 5 discrete passes and kept at 50 to 80^C. 

The active or bioactive egent solution and perfluorocarbon emulsion are then combined and fed into 
the spray dryer. Typically the two preparations will be miscible as the emulsion will preferably comprise an 

30 aqueous continuous phase. While the bioactive agent is solubilized separately for the purposes of the instent 
discussion it will be appreciated that, in other embodiments, the active or bioactive agent may be solubilized 
(or dispersed) directly in the emulsion. In such cases, the active or bioactive emulsion is simply spray dried 
without combining a separate drug preparation. 

In any event, operating conditions such as inlet and outlet temperature, feed rate, atomization 

35 pressure, flow rate of the drying air, and nozzle configuration can be adjusted in accordance with the 
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manufacturer's guidelines in order to produce the required particle size, and production yield of the resulting 
dry microstructures. Exemplary settings are es follows: an air inlet temperature between 60°C and WO^C; 
an air outlet between WQ to 120''C; a feed rate between 3 ml to ebout 15 mi per minute; and an aspiration 
air flow of 300 L/min. and an atomization air flow rate between 25 to 50 Umin. The selection of appropriate 
5 apparatus and processing conditions are well within the purview of a skilled artisan in view of the teachings 
herein end may be accomplished without undue experimentation. In any event, the use of these and 
substantially equivalent methods provide for the fomiation of hollow porous aerodynamically light 
microspheres with particle diameters appropriate for aerosol deposition into the lung, microstructures that are 
both hollow and porous, almost honeycombed or foam-like in eppearence. In especially preferred 

10 embodiments the perforated microstructures comprise hollow, porous spray dried microspheres. 

Along with spray drying, perforeted microstructures useful in the present invention may be formed 
by lyophilization. Those skilled in the art will appreciate that lyophilization is a freeze-drying process in which 
water is sublimed from the composition after it is frozen. The particular advantage essocieted with the 
lyophilization process is that biologicals and phannaceuticals that are relatively unstable in an aqueous 

IS solution can be dried without elevated temperatures (thereby eliminating the edverse themial effects), and 
then stored in a dry state where there ere few stability problems. With respect to the instant invention such 
techniques are particulariy compatible with the incorporation of peptides, proteins, genetic material and other 
natural and synthetic macromolecules in particulates or perforated microstructures without compromising 
physiological activity. Methods for providing lyophilized particulates ere known to those of skill in the art and 

20 it would clearly not require undue experimentation to provide dispersion compatible microstructures in 
accordance with the teachings herein. The lyophilized cake containing a fine foam-like structure can be 
micronized using techniques known in the art to provide 3 to ]Q^n\ sized particles. Accordingly, to the extent 
that lyophilization processes may be used to provide microstructures having the desired porosity and size they 
are conformance with the teachings herein and are expressly contemplated as being within the scope of the 

25 instant invention. 

Besides the aforementioned techniques, the perforated microstructures or particles of the present 
invention may also be formed using a method where a feed solution (either emulsion or aqueous) containing 
wall forming agents is rapidly added to a reservoir of heated oil (e.g. perflubron or other high boiling FCs) 
under reduced pressure. The water and volatile solvents of the feed solution rapidly boils and are evaporeted. 

30 This process provides a perforated structure from the wall forming egents similar to puffed rice or popcorn. 
Preferably the wall forming agents are insoluble in the heated oil. The resulting particles can then separated 
from the heated oil using a filtering technique and subsequently dried under vacuum. 

Additionally, the perforated microstructures of the present invention may also be formed using a 
double emulsion method. In the double emulsion method the medicament is first dispersed in a polymer 

35 dissolved in an organic solvent (e.g. methylene chloride) by sonication or homogenization. This primary 
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emulsion is then stabilized by forming a multiple emulsion in a continuous aqueous phase containing an 
emulsifier such as poiyvinvialcohol. Evaporation or extraction using conventional techniques and apparatus 
then removes the organic solvent. The resulting microspheres are washed, filtered and dried prior to 
combining them v^ith an appropriate suspension medium in accordance with the present invention 

5 Whatever production method is ultimately selected for production of the perforated microstructures, 

the resulting powders have a number of advantageous properties that make them particularly compatible for 
use in devices for inhalation therapies, in particular, the physical characteristics of the perforated 
microstructures make them extremely effective for use in dry powder inhalers and in the formation of 
stabilized dispersions that may be used in conjunction with metered dose inhalers, nebidizers and liquid dose 

10 instillation. As such, the perforated microstructures provide for the effective pulmonary administration of 
bioactive agents. 

In order to maximize dsperability, dspersion stability and optinruze distribution upon administration, the 
mean geometric particle size of the perforated microstructures is preferably ^out 0.&50 m, more preferably 1-30 
m. It vuiH be appreciated that large particles lie. greater than 50 m) may not be preferred in appfications where a 

1 5 valve or small orifice is employed, since large particles tend to aggregate or separate from a suspension which 
could potentially clog the device. In especially preferred embotfimcnts the mean geometric particle size lor 
diameterl of the perforated microstructures is less than 20 m or less than 10 m. More preferably the mean 
geometric diameter is less than about 7 m or S rrj, and even more preferably less than about 2.5 m. Other preferred 
embodiments will comprise preparations wherein the mean geometric diameter of the perforated microstructures is 

20 between about 1 m and 5 m. In especially preferred embodiments the perforated microstructures will comprise a 
powder of dry, hollow, porous microspherical shells of approximately 1 to 10 m or 1 to 5 m in dianroter, with shell 
thicknesses of approximetely 0.1 m to approximately 0.5 m. It is o particiJar advantage of the present invention 
that the particulate concentration of the dispersions and structural matrix comporents can be adjusted to optinuze 
the delivery characteristics of the selected particle size. 

25 As ailuded to throughout the instant specitication the porosity of the microstructures may play a 

significant part is establishing dispersihility le.g. in DPIsl or dispersion stability (e.g. for MDIs or nebulizersl. In this 
respect, the mean porosity of the perforated microstructures may be determined through electron microscopy 
coupled with modern imaging techniques. More spedficaliy, electron micrographs of representatwe samples of the 
perforated microstmctures may be obtained and digitally analyzed to quantify the porosity of the preparation. Such 

3 0 methodology is well known in the art and may be undertaken without undue experimentation. 

For the purposes of the present invention, the mean porosity ILe. the percentage of the particle surface 
area that is open to the interior and/or a central void) of the perforated microstructures may range from 
approximately 0.5% to approximately 80%. In more prefen-ed embodiments, the mean porosity will range frrni 
approximately 2% to approximately 40%. Based on selected production parameters, the mean porosity may be 

35 greater than approximately, 2%, 5%, 10%. 15%, 20%, 25% or 30% of the microstructure surface area. In other 
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embodiments, the mean porosity of the microstructures may be greater than about 40%, 50%, 60%, 70% or even 
80%. As to the pores themselves, they typically range in size from about 5 nm to about 400 nm with mean pore 
sizes preferably in the range of from about 20 nm to about 200 nm. In particularly preferred embodiments the mean 
pore size will be in the range of from about 50 nm to about 100 nm. As may be seen in Figs. 1A1 to 1F2 and 
discussed in more detaO below, it is a significant advantage of the present invention that the pore size and porosity 
may be closely controlled by careful selection of the incorporated components and production parameters. 

In this regard, the particle morphology and/or hollow de^gn of the perforated microstructures also plays an 
important role on the dispersibiOty or coheshreness of the dry powder formulations cfisclosed heran. That is, it has 
been surprisingly discovered that the inherent cohesive character of fine powders can be overcome by lowering the 
van der Weals, electrostatic attractive and liquid bridging forces that typically exist between dry particles. More 
specifically, in concordance with the teachings herein, improved powder ifispersibility may be provided by engineering 
the particle morphology and density, as well as control of humidty and charge. To that end, the perforated 
microstructures of the present invention comprise pores, voids, hollows, defects or other interstitial spaces which 
reduce the surface contact area between perticles thereby minimizing interparticle forces. In additioa the use of 
surfactants such as phospholipids end Huorinated blowing agents in accordance with the teachings herein may 
contribute to improvements in the flow properties of the powders by tempering the charge and strength of the 
electrostatic forces as well as moisture content. 

Most fire powders |e.g. < 5|/m| exhibit poor dispersibility which can be problonatic when attempting to 
deliver, aerosolize and/or package the powders. In this respect the major forces which control particle interactions 
can typically be divided into long and short range forces. Long range forces include gravitational attractive forces 
and electrostatics, where the interaction varies as a square of the separation distance or particle diameter. 
Important short range forces for dry powders include van der Waais interactions, hydrogen bonding and liquid 
bridges. The latter two short range forces dffer from the others in that they occur where there is already contact 
between particles. It is a major advantage of the present invention that these attractive forces may be substantially 
attenuated or reduced through the use of perforated microstructures as described herein. 

In en effort to overcome these attractive forces, typical prior art dry powder fomiuiations for DPls 
comprise micronized drug particles that are deposited on large carrier particles (e.g., 30 to 90 fjm] such as lactose or 
agglomerated units of pure drug particles or egglomeration of fine lactose particles with pure drug, since they are 
more readily fiuidized than neat drug particles. In addition, the mass of drug required per actuation is typically less 
than 100 ^rg and is thus prohibitively too small to meter. Hence, the larger lactose particles in prior art formulations 
function as both a carrier perticle for eerosoiization and a bulking agent for metering. The use of large particles in 
these fomiuiations are employed since powder dispersibility and aerosdizatlDn efficiency improves with increasing 
increasing particle size as a rasiiit of dimirrished interparticle forces (French, D.L, Edwards, DA, sand l\liven, R.W., J. 
Aerosol Sci. 27, 769*783, 1996 which is incorporated herein by reference). That is, prior art fomiuiations often use 
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large particles or carriers to overcome the principle forces controlling dispersibilitY such as van dsr Waals forces, 
liqud bridging, and electrostatic attractive forces that exists between particles. 

Those skilled in the art wiD appreciate that the van der Waals (VDW) attractive force occurs at short range 
and depends, at least in part, on the surface contact between the interacting particles. When two dry particles 
5 approach each other the VDW forces increase with an increase in contact area. For two dry particles, the magnitude 
of the VDW interaction force, F^^^, can be calculated using the following equation: 



where h is Planck's constant, t3 is the angular frequency, do is the distance at which the adhesionai force is at a 
maxinium, and r, and \2 are the radii of the two interacting particles. Accordingly, it wifl be appreciated that one way 

1 0 to minimize the magnitude and strength of the VDW force for dry powders is to decrease the interparticle area of 
contact It is important to note that the magnitude do is a reflection of tHs area of contact The minimal area of 
contact between two opposing bodies will occur if the particles are perfect spheres. In addition, the area of contact 
will be further minimized if the particles are highly porous. Accordingly, the perforated microstnictures of the present 
invention act to reduce interparticle contact and corresponding VDW attractive forces. It is important to note that 

IS this reduction in VDW forces is largely a result of the unique partide morphology of the powders of the present 
invention rather than an increase in geometric particle divneter. In this regard, it vmII be appra:iated that particulaiiy 
pieferred embodnnents of the present invention provide powders having average or small particulates |e.g. mean 
geometric diameter < 10 A/m) exNUting relatively low VOW attractive forces. Conversely, solid, non-spherical 
particles such as conventional micronized drugs of the same size will exert greater interparticle forces between them 

20 and hence, will exhibit poor powder tfispersibiiitY. 

Further, as indicated above, the electrostatic force affecting powders occurs when either or both of the 
particles are dectrically charged. This phenomenon will result with either an attraction or repulsion between 
partides dependng on the similarity or dissimilarity of charge. In the simplest case, the electric charges can be 
described usng Coulomb*s Law. One way to modulate or decrease the electrostatic forces between partides is if 

25 either or both partides have non-conducting surfaces. Thus, if the perforated microstmcture powders comprise 
exdpients, surfactants or active agents that are rdatively non-conducting, then any charge generated in the partide 
will be unevenly distributed over the surface. As a result, the charge half-life of powders comprising non conducting 
components will be relatively short since the retention of elevated charges is delated by the resistivity of the 
material. Resistive or non conducting components are materials which will neither function as an effident electron 

30 donor or acceptor. 

-26- 



wo 99/16419 



PCT/US98/20602 



Derjaguin et el. (Mufler, )IM^ Yushchsnka V.S., and Derjaguiiv BX J. Coiioid Interface Sd. 1980, 77, 1 1 5- 
1 19), wNch is incorporated herein by reference, provide a list ranking molecular groups for their ability to accept or 
donate an electron. In this regard exemplary groups may be ranked as follows: 

Donor -NH, > -OH > -OR > -COOR > -CHj > -CgHg > 
•halogen > -COOH > -CO > CN Accspton 

The present invention provides for the reduction of electrostatic effects in the disclosed powders though 
the use of relatively non-conductive materials. Using the above rankings, prefen^d non-conductive materials would 
include halogenated and/or hydrogenated components. Materials such as phospholipids and fluorinated blowing 
agents (which may be retained to some extent in the spray dried powders) are preferred since they can provide 
resistance to partide charging. It will be appreciated that the retention of residual blowing agent (e.g. 
fluorochemicds) in the particles, even at relatively low levels, may help minimize charging of the perforated 
microstructures as is typically imparted during spray drying and cyclone separation. Based on general electrostatic 
principles and the teachings herein, one skilled in the art would be able to identify additional materials that serve to 
reduce the electrostatic forces of the disclosed powders without undue experimemation. Further, if needed, the 
electrostatic forces can also be manipulated and minimized using electrification and chaiging techniques. 

In addtion to the surprising advantages described above, the present invention further provides for the 
attenuation or reduction of hydrogen and liquid bonding. As known to those skilled in the art, both hydrogen bondng 
and liquid bridging can result from moisture that is absorbed by the powder. In general, higher humidities produce 
higher interparticle forces for hydrophilic surfaces. This is a substantial problem in prior art pharmaceutical 
formulations for inhalation therapies which tend to employ relatively hydrophilic compounds such as lactase. 
However, in accordance with the teachings herein, adhesion forces due to adsorbed water can be modulated or 
reduced by increasing the hydrophobidty of the contacting surfaces. One skilled in the art can appreciate that an 
increase in particle hycb'ophobicity can be achieved through exdpient selection and/or use a post-production spray 
drying coating technique such as employed using a fluidized bed. Thus, preferred excipients include hydrophobic 
surfactants such as phosphoGpids, fatty acid soaps and cholesterol. In view of tha teachings herein, it is submitted 
that a skilled artisan would be able to identify materials exhibiting similar desirable properties without undie 
experimentation. 

In accordance with the present invention, methods such as angle of repose or shear index can be used to 
assess the flow properties of dry powders. The angle of repose is defined as the angle formed when a cone of 
powder is poured onto a flat surface. Powders having an angle of repose ranging from 45^ to 20** are preferred and 
indicate suitable powder flow. More particularly, powders which possess an angle of repose between 33° and 20° 
exhibit relatively low shear forces and are especially useful in pharmaceutlcBl preparations for use in inhalation 
therapies |e.g. DPls). The shear index, though more time consuming to measure than angle of repose^ is considered 
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more retiabie and easy to detemiine. Those skilled in the art will appreciate that the experimental procedure outlined 
by Amidon and Houghton (G.E. Amidon, and M,E. Houghtoa Phami. Manuf., 1, 20, 1985, incorporated herein by 
reference) can be used estimate the shear index for the purposes of the present invention. As described in S. Kocova 
and PiipeL J. Pharm. Phamiacol. 8, 33-55, 1973, also incorporated herein by reference, the shear index is 
5 estimated from powder parameters such as, yield stress, effective angle of internal friction, tensile strength, and 
specific cohesion. In the present invention powders having a shear index less than about 0.98 are desirable. More 
preferably, powders used in the disclosed compositions, methods and systems will have shear indices less than about 
1.1. In particularly preferred embodiments the shear index w8l be less than about 1.3 or even less than about 1.5. 
Of course powders having cfifferent shear indices may be used provided the result in the effective deposition of the 

1 0 active or bioffi:tive agent at the site of interest. 

It will also be appreciated that the flow properties of powders have been shown correlate well with bulk 
density measurements. In this regard, conventional prior art thinking (C.F. Hatwood, J. Phamt. Sci., 50, 16M63, 
1971) hdd that an increase in bulk density correlates with improved flow properties as predicted by the shear index 
of the material. Conversely, it has surprisingly been found that, for the perforated m'icrostrxtures of the present 

1 5 inventioa superior flow properties were exKUted by powders having relatively low bulk densities. That Is, the hollow 
porous powders of the present Invention exivbited superior fiow properties over powders substantially devoid of 
pores. To that end it has been found that it is possible to provide powders having bulk densities of less than 0.5 
gfcm^ that exhibit particularly favorable flow properties. More surprisingly, it has been found that it is possible 
to provide perforated microstructure powders having bulk densities of less than 0.3 glcm^ or even less than 

20 about 0.1 g/cm^ that exhibit excellent flow properties. The abOity to produce low bulk density powders having 
superior fiowability further accentuates the novel and unexpected nature of the present invention. 

In addition, it will be appreciated that the reduced attractive forces |e.g. van der Waals, 
electrostatic, hydrogen and liquid bomSng, etc.) and excellent fiowabiity provided by the perforated microstructure 
powders make them particularly useful in preparations for inhalation therapies (e.g. in inhalation devices such as 

25 DPIs, MDls, nebulizers). Along with the superior fiowability, the perforated or porous and/or hollow design of 
the microstructures also plays an important rde in the resulting aerosol properties of the powder when 
discharged. This phenomenon holds true for perforated microstructures aerosolized as a suspension, as in the 
case of an MDI or a nebidizer, or delivery of perforated microstructures in dry forni as in the case of a DPI. In 
this respect the perforated structure and relatively high surface area of the dispersed microparticles enables them to 

30 be carried along in the flow of gases during inhalation with greater ease for longer distances than non-perforated 
particles of comparable size. 

More particulariy, because of their high porosity, the density of the particles is significantly less than 
1.0 g/cm^ typically less than 0.5 g/cm^ more often on the order of 0.1 g/cm\ and as low as 0.01 g/cml 
Unlike the geometric particle size, the aerodynamic particle size, c/^^, of the perforated microstructures 

35 depends substantially on the particle density, p\ d^^ = d^^p, where is the geometric diameter. 
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For a particle density of 0.1 glcm\ d^^^ will be roughly three times smaller than d^^^, leadng to increased 

particle deposition into the peripheral regions of the lung and correspondingly less deposition in the throat. In 
this regard, the mean aerodynamic diameter of the perforated microstructures is preferably less than about 5 
fjm, more preferably less than about 3 ^m, and, in particularly preferred embodiments, less than about 2 //m. 

5 Such particle distributions will act to increase the deep lung deposition of the bioactive agent whether 
administered using a DPI, MDi or nebulizer. Further, having a larger geometric diameter than aerodynamic 
diameter brings the particles closer to the wall of the alveolus thus increasing the deposition of small 
aerodynamic diameter particles. 

As will be shown subsequently in the Examples, the particle size distribution of the aerosol 

10 formdations of the present invention are measurable by conventional techniques such as, for example, 
cascade impaction or by time of flight analytical methods. In addition, determination of the emitted dose from 
inhalation devices were done according to the proposed U.S. Pharmacopeia method [Pbarmacopsial Previews, 
22(1996) 3065) which is incorporated herein by reference. These and related techniques enable the "fine 
particle fraction" of the aerosol, which corresponds to those particulates that are likely to effectively 

1 5 deposited in the lung, to be calculated. As used herein the phrase "fine particle fraction" refers to the 
percentage of the total amount of active medicament delivered per actuation from the mouthpiece of a DPI, 
MDI or nebulizer onto plates 2-7 of an 8 stage Andersen cascade impactor. Based on such measurements the 
formulations of the present invention will preferably have a fine particle fraction of approximately 20% or 
more by weight of the perforated microstructures (wfw), more preferably thay will exhibit a fine particle 

20 fraction of from ebout 25% to 80% w/w, and even more preferably from about 30 to 70% w/w. In selected 
embodiments the present invention will preferably comprise a fine particle fraction of greater than about 
30%, 40%, 50%, 60%, 70% or 80% by weight. 

Further, it has also been found that the formulations of the present invention exhibit relatively low 
deposition rates, when compared with prior art preparations, on the induction port and onto plates 0 and 1 of 

25 the impactor. Deposition on these components is linked with deposition in the throat in humans. More 
specifically, most commercially available MDIs and DPls have simulated throat depositions of approximately 
40-70% (wlw) of the total dose, while the formulations of the present invention typically deposit less than 
about 20% w|w. Accordingly, preferred emboifiments of the present invention have simulated throat 
depositions of less than about 40%, 35%, 30%, 25%, 20%, 15% or even 10% wiw. Those skilled in the art 

30 will appreciate that significant decrease in throat deposition provided by the present Invention will result in a 
corresponding decrease in associated local side-effects such as throat irritation and candidiasis. 

With respect to the advantageous deposition profile provided by the instant invention it is well 
known that MDI propellants typically force suspended particles out of the device at a high velocity towards 
the back of the throat. Since prior art formulations typically contain a significant percentage of large 

35 particles andlor aggregates, as much as two-thirds or more of the emitted dose may impact the throat. 
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Moreover, the undesirable delivery profile of conventional powder preparations is also exhibited under 
conditions of low particle velocity, as occurs with DPI devices. In general, this problem is inherent when 
aerosolizing solid, dense, particulates which are subject to aggregation. Yet, as discussed above, the novel 
and unexpected properties of the stabilized dispersions of the present invention result in surprisingly low 
5 throat deposition upon administration from inhalation device such as a DPI, MDi atomizer or nebulizer. 

While not wishing to be bound by any particular theory, it appears that the reduced throat 
deposition provided by the instant invention results from decreases in particle aggregation and from the 
hollow and/or porous morphology of the incorporated microstructures. That is, the hollow and porous nature 
of the dispersed microstructures slows the velocity of particles in the propellent stream (or gas stream in the 

10 case of DPIs), just as a hollow/porous whiffle ball decelerates faster than a baseball. Thus, rather than 
impacting and sticking to the back of the throat, the relatively slow traveling particles are subject to 
inhalation by the patient. Moreover, the highly porous nature of the particles allows th propellent within the 
perforated microstructure to rapidly leave and the particle density to drop before impacting the throat. 
Accordingly, a substantially higher percentage of the administered bioactive agent is deposited in the 

1 S pulmonary air passages where it may be efficiently absorbed. 

With respect to inhalation therapies, those skiOed in the art will appreciate that the perforated 
microstructure powders of the present invention are particularly useful in DPIs. Conventional DPIs, or dry powder 
inhalers, comprise powdered fomnulatlons and devices where a predetermined dose of me(ficament, other alone or in 
a Uend with lactose carrier particles, is delivered as a fine mist or aerosol of dry powder for inhalation. The 

20 medicament is fomiulated in a way such that it readBy disperses into discrete particles with a size rage between 0.5 
to IQjjm, The powder is actuated either by inspiration or by some external delivery force, such as pressurized air. 
DPI fomiuiations are typically packaged in single dose units or they onploy reservoir systems capable of metering 
multiple doses with manual transfer of the dose to the device. 

DPIs are generally classified based on the dose defivery system employed. In this respect, the two m^or 

25 types of DPIs comprise urat dose delivery devees and bulk reservoir delivery systenns. As used hereirv the term 
"reservoir" shall be used in a general sense and held to encompass both configurations unless otherwise dictated by 
contextual restraints, in any event unit dose deGvery systems require the dose of powder fonnulation presented to 
the device as a single unit. With this system, the fomtulation is prefilled into dosing wells which may be foil-packaged 
or presented in blister strips to prevent moisture ingress. Other urut dose packages include hard gelatin capsules. 

30 Most unit dose containers designed for DPIs are filled using a fixed volume technique. As a result, there are 
physical limitations (here density) to the minimal dose that can be metered into a unit package, which is 
dictated by the powder flowability and bulk density. Currently, the range of dry powder that can be filled 
into a unit dose container is in the range of 5 to 15 mg which corresponds to drug loading in the range of 25 
to 500//g per dose. Conversely, bulk reservoir delivery systems provide a precise quantity of powder to be 

35 metered upon individual delivery for up to approximately 200 doses. Again like the unit dose systems, the 
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powder is metered using a fixed volume eel! or chamber that the powder is filled into. Thus, the density of the 
powder is a major factor limiting the minima! dose that can be delivered with this device. Currently bulk 
reservoir type DPIs can meter between 200//g to 20 mg powder per actuation. 

DPIs are designed to be manipulated such that they break open the capsule/blister or to load bulk 
powder during actuation, followed by dispersion from a mouthpiece or actuator due to the patient's 
inspiration. When the prior art formulations are actuated from a DPI device the lactose/drug aggregates are 
aerosolized and the patient inhales the mist of dry powder. During the inhalation process, the carriar particles 
encounter shear forces whereby some of the micronized drug partides are separated from the lactose 
particulate surface. It will be appreciated that the drug particles arc subsequently carried into the lung. The 
large lactose particles impact the throat and upper airways due to size and inertial force constraints. The 
efficiency of delivery of the drug particles is dictated by their degree of adhesion with the carrier particles 
and their aerodynamic property. 

Deaggregation can be increased through formulation, process and device design improvements. For 
example fine particle lactose IFPU is often mixed with coarse lactose carriers, wherein the FPL will occupy 
high-energy binding sites on the carrier particles. This process provides more passive sites for adhesion of the 
micronized drug particles. This tertiary blend with the drug has been shown to provide statistically significant 
increases in fine particle fraction. Other strategies include specialized process conditions where drug particles 
are mixed with FPL to produce agglomerated units. In order to further increase particulate deposition, many 
DPIs are designed to provide deaggregation by passing the dosage form over baffles, or through tortuous 
channels that disrupts the flow properties. 

The addition of FPL, agglomeration with FPL and specialized device design provides an improvement 
in the deaggregation of formulations, however, the clinically important parameter is the fine pertide dose 
received by the patient. Though improvements in deaggregation can be provided, a major problem still exists 
with current DPI devices in that there is an increase in respirable dose with an increased inspiratory effort. 
This is a result of an increased fine particle fraction corresponding to the increased disaggregation of partide 
agglomerates as the airflow increases through the inhaler with increasing inspiratory effort. Consequently 
dosing accuracy is compromised, leading to complications when the devices are used to administer highly 
efficacious drugs to sensitive populations such as children, addescents and the elderly. Moreover, the dosing 
inaccuracy assodated with conventional preparations codd complicate regulatory approval. 

In stark contrast, the perforated microstructure powders of the present invention obviate many of the 
difficdties essodated with prior art carrier preparations. That is, an improvement in DPI performance may be 
provitted by engineering the partide, size, eerodynamics, morphology and density, as well as control of humidity and 
charge. In this respect the present invention provides fonnulations wherein the medicament and the indpients 
or bulking agents are preferably assodated with or comprise the perforated microstructures. As set forth 
above, preferred compositions according to the present invention typicdiy yidd powders with bdk densities 
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less than 0.1 g/cm^ and often less than 0.05 g/cml It will be appreciated that providing powders having bulk 
densities an order of a magnitude less than conventional DPI formulations allows for much lower doses of the 
selected bioactive agent to be filled into a urat dose container or metered via reservoir-based DPIs. The ability 
to effectively meter small quantities is of particular importance for low dose steroid, long acting 
S bronchodilators and new protein or peptide medcaments proposed for DPI delivery. Moreover, the ability to 
effectively defiver particulates without associated carrier particles simplifies product fonnulation, filling and 
reduces undesirable side effects. 

As discussed ebove, the hollow porous powders of the present invention extubit superior flow properties, 
as measured by the angle of repose or shear index methods described herein, vvith respect to equivalent powders 

10 substantially devoid of pores. That is, superior powder flow, wNch appears to be a function of btdk density and 
partide morphology, is observed where the powders have 8 bulk density less than 0.5 g/cm'. Preferably the 
powders have bulk densities of less than about 0.3 gfcm^ 0.1 glcm^ or even less than about 0.05 gfcml In this 
regard, it is theorized that the perforeted microstnictures comprising pores, voids, hollows, defects or other 
interstitial spaces contribute to powder flow properties by reducing the surface contact area between particles and 

15 minimizing interparticle forces. In addition, the use of phospholipids in preferred embodiments and retention of 
fluorinated blowing agents may also contribute to improvements in the flow properties of the powders by tempering 
the charge and strength of the electrostatic forces as well as moisture content. 

In addition to the aforementioned advantages, the disclosed powders exhibit favorable aerodynamic 
properties that make them particularly effective for use in DPIs. More specifically, the prorated structure 

20 and relatively high surface area of the micropartides enables them to be carried along in the flow of gases during 
inhalation with greater ease and for longer distances than relatively non-perforated partides of comparable size. 
Because of their high porosity end low density, administration of the perforated microstructures with a DPI 
provides for increased particle deposition into the peripheral regions of the lung and correspondingly less 
deposition in the throat. Such particle dstribution acts to increase the deep lung deposition of the 

25 administered agent which is preferable for systemic administration. Moreover, in a substantial improvement 
over prior art DPI preparations the low-danstty, highly porous powders of the present invention preferably 
eliminate the need for carrier particles. Since the large lactose carrier partides will impact the throat and 
upper airways due to their size, the elimination of such particles minimizes throat deposition and any 
associated "gag" effect assodated with conventional DPIs. 

30 Along with their use in a dry powder configuration, it will be appreciated that the perforated 

microstructures of the present invention may be incorporated in a suspension medium to provide statnfized 
dispersions. Among other uses, the stabilized dispersions provide for the effective delivery of bioactive 
agents to the pulmonary air passages of a patient using MDIs, nebulizers or liquid dose instillation (LDI 
techniques). 
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As with the DPI emboi&nents, Administration of a biosctive agent using an MDl, nebiiizer or LDl technique 
may be indicated for the treatment of mild, moderate or severe, acute or chronic symptoms or for prophylactic 
treatment. Moreover, the bioactive agent may be administered to treat locd or systemic conitions or (fisorders. It 
will be appreciated that, the precise dose administered wiO de^mnd on the age and condition of the patient, the 
S particular meificament used and the frequereiy of administration, and will ultimately be at the dscretion of the 
attendant physidan. When combinations of Uoactive agents are employed, the dose of each component of the 
combination wOl generally be that employed for each component when used alone. 

Those skilled in the art will appreciate the enhanced stability of the disclosed dispersions or 
suspensions is largely achieved by lowering the van der Waals attractive forces between the suspended 

10 particles, and by reducing the differences in density between the suspension medium and the particles. In 
accordance with the teachings herein, the increases in suspension stability may be imparted by engineering 
perforated microstructures which are then dispersed in a compatible suspension medium. As discussed 
above, the perforated microstructures comprise pores, voids, hollows, defects or other interstitial spaces that 
allow the fluid suspension medium to freely permeate or perfuse the particulate boundary. Particulariy 

IS preferred embodiments comprise perforated microstructures that are both hollow and porous, almost 
honeycombed or foam-like in appearance, in especially preferred emboifiments the perforated microstructures 
comprise hollow, porous spray dried microspheres. 

When the perforated microstructures are placed in the suspension medium (i.e. propeltant), the 
suspension medium is able to permeate the partides, thereby creating a "homodispersion", wherein both the 

20 continuous and dispersed phases are indistinguishable. Since the defined or "virtual" particles |i.e. comprising 
the volume circumscribed by the microparticulate matrix) are made up almost entirely of the medium in which 
they are suspended, the forces driving particle aggregation Iflocculation) are minimized. Additionally, the 
differences in density between the defined particles and the continuous phase are minimized by having the 
microstructures filled with the medium, thereby effectively slowing particle creaming or sedimentation. As 

25' such, the perforated microspheres and stabilized suspensions of the present invention are particulariy 
compatible with many aerosolization techniques, such as MOl and nebulization. Moreover, the stabilized 
dispersions may be used in liquid dose instillation applications. 

Typical prior art suspensions (e.g. for MDts) comprise mostly solid particles and small amounts 
(<1% w/w| of surfactant {e.g. lecithin, Span-85, oleic acid) to increase electrostatic repulsion between 

30 partides or polymers to sterically decrease partide interaction. In sharp contrast, the suspensions of the 
present invention are designed not to increase repulsion between partides, but rather to decrease the 
attractive forces between partides. The principal forces driving flocculation in nonaqueous medio are van der 
Waals attractive forces. As discussed above, VDW forces are quantum mechanical in origin, and can be 
visualized as attractions between fluctuating dipoles (i.e. induced dipoleinduced dipole interections). 

35 Dispersion forces are extremely short-range and scale as the sixth power of the distance between atoms. 
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When two macroscopic bodies approach one another the dispersion attractions between the atoms sums up. 
The resulting force is of considerably longer range, and depends on the geometry of the interacting bodies. 

More specifically, for two spherical particles, the magnitude of the VDW potentialr V4 / can be 
approximated by: y _ "^^^ ^i^a where A^^is the effective Hamaker constant which 

5 accounts for the nature of the particles and the medium, Hq is the distance between particles, and Ry and 
are the radii of spherical particles 1 and 2. The effective Hamaker constant is proportional to the 
difference in the poiarizabilities of the dispersed particles and the suspension medium: 
A^ff = (^JAsM ~ ^^ApART y ' ^SA ^FART Hamaker constants for the suspension 

medium and the particles, respectively. As the suspended particles and the dispersion medium become similar 
10 in nature, ^4^^ and ^4;,^,. become doser in magnitude, and A^g and become smaller. That is, by 

reducing the differences between the Hamaker constant associated with suspension medium and the 
Hamaker constant associated with the dispersed particles, the effective Hamaker constant (and 
corresponding van der Waals attractive forces) may be reduced. 

One way to minimize the differences in the Hamaker constants is to create a "homodispersion", that 

15 is make both the continuous and dispersed phases essentially indistinguishable as discussed above. Besides 
exploiting the morphology of the particles to reduce the effective Hamaker constant the components of the 
structural matrix (defining the perforated microstructures) will preferably be chosen so as to exhibit a 
Hamaker constant relatively close to that of the selected suspension medium, in this respect, one may use 
the actual values of the Hamaker constants of the suspension medium and the particulate components to 

20 determine the compatibility of the dispersion ingredients and provide a good indication as to the stability of 
the preparation. Alternatively, one could select relatively compatible perforated microstructure components 
and suspension mecfiums using characteristic physical values that coincide with measurable Hamaker 
constants but are more readily discernible. 

In this respect, it has been found that the refractive index values of many compounds tend to scale 

25 with the corresponding Hamaker constant. Accordingly, easily measurable refractive index values may be 
used to provide a fairly good indication as to which combination of suspension medium and particle excipients 
will provide a dispersion having a relatively low effective Hamaker constant and associated stability. It will 
be appreciated that, since refractive indices of compounds are widely available or easily derived, the use of 
such values allows for the fonnation of stabilized dispersions in accordance with the present invention 

30 without undue experimentation. For the purpose of illustration only, the refractive indices of several 
compounds compatible with the (fisdosed dispersions are provided in Table I immediately below: 

Table I 
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10. 





RRfrnctfVB Index 




1 172 




1 273 




1 287 




1 288 


PFOB 


1.305 


iVIoiinilDl 


1.0 J J 


Ethanol 


1.361 


n-octane 


1.397 


DMPC 


1.43 


Pluronic F*68 


1.43 


Sucrose 


1.538 


Hydroxyethylstarch 


1.54 


Sodium chloride 


1.544 



Consistent with the compatible dispersion components set forth above, those sicilied in the art will 
appreciate that, the formation of dispersions wherein the components have a refractive index dfferentiai of 
less than about 0.5 is preferred. That is, the refractive index of the suspension medium wilt preferably be 

20 within about 0.5 of the refractive index associated with the perforated particles or microstructures. It will 
further be appreciated that, the refractive index of the suspension medium and the particles may be measured 
directly or approximated using the refractive indices of the major component in each respective phase. For 
the perforated microstructures, the major component may be determined on a weight percent basis. For the 
suspension medium, the major component will typically be derived on a volume percentage basis. In selected 

23 embodiments of the present invention the refractive index differential value will preferably be less than about 
0.45, about 0.4, about 0.35 or even less than about 0.3. Given that lower refractive index differentials imply 
greater dispersion stability, particularly preferred embodiments comprise index differentials of less than about 
0.28, about 0.25, about 0.2, about 0.15 or even less than about 0.1. It is submitted that a skilled artisan will 
be able to determine which exdpients are particulariy compatible without undue experimentation given the 

30 instant disclosure. The ultimate choice of preferred excipients will also be influenced by other factors, 
including biocompatibility, regdatory status, ease of manufacture, cost. 

As discussed above, the minimization of density differences between the particles and the 
continuous phase is largely dependent on the perforated and/or hollow nature of the microstructures, such 
that the suspension mecfium constitutes most of the particle volume. As used herein, the term "particle 

35 volume" corresponds to the volume of suspension medium that would be displaced by the incorporated 
hollow/porous particles if they were solid, i.e. the volume defined by the particle boundary. For the purposes 
of explanation, and as discussed above, these fluid filled particulate volumes may be referred to as "virtual 
particles." Preferably, the average volume of the bioactive agentlexcipient shell or matrix (i.e. the volume of 
medium actually displaced by the perforated microstructure) comprises less than 70% of the everage particle 

40 volume (or less than 70% of the virtual particle). More preferably, the volume of the microparticulate matrix 
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comprises less than about 50%, 40%, 30% or even 20% of the average particle volume. Even more 
preferably, the average volume of the shell/matrix comprises less than about 10%, 5%, 3% or 1% of the 
average particle volume. Those skilled in the art will appreciate that, such a matrix or shell volumes typically 
contributes little to the virtual particle density which is overwhelmingly dictated by the suspension medium 
5 found therein. Of course, in selected embodiments the exdiuents used to form the perforated microstructure 
may be chosen so the density of the resulting matrix or shell approximates the density of the surruunding 
suspension medium. 

It will further he appreciated that, the use of such microstructures wiD allow the apparent density 
of the virtual particles to approach that of the suspension metium substantially eliminating the attractive van 
10 der Waals forces. Moreover, as previously discussed, the components of the microparticulate matrix are 
preferably selected, as much as possible given other considerations, to approximate the density of suspension 
medium. Accordingly, in preferred embodiments of the present invention, the virtual particles and the 
suspension medium will have a density differential of less than about 0.6 gfcml That is, the mean density of 
the virtual particles (as defined by the matrix boundary! will be within approximately 0.6 gfcm^ of the 
1 5 suspension medium. More preferably, the mean density of the virtual particles will be within 0.5, 0.4, 0.3 or 
0.2 g/cm^ of the selected suspension medium. In even more preferable embodiments the density differential 
will be less than about 0.1, 0.05, 0.01, or even less than 0.005 g/cml 

In addition to the aforementioned advantages, the use of hollow, porous particles allows for the 
fomiation of free-flowing dispersions comprising much higher volume fractions of particles in suspension. It 
20 should be appreciated that, the fonnulation of prior art {fispersions at volume fractions approaching close- 
pecking generally results in dramatic increases in (fispersion viscodastic behavior. Rheological behavior of 
this type is not appropriate for MDt applications. Those skilled in the art will appreciate that, the volume 
fraction of the particles may be defined as the ratio of the apparent volume of the particles (i.e. the particle 
volume) to the total volume of the system. Each system hes a maximum volume fraction or packing fraction. 
25 For example, particles in a simfrie cubic arrangement reach a maximum packing fraction of 0.52 while those in 
a face centered cubiclhexagonal dose packed configuration reach a maximum packing fraction of 
approximately 0.74. For non-spherical particles or polydisperse systems, the derived values are different. 
Accordingly, the maximum packing fraction is often considered to be an empirical parameter for a given 
system. 

30 Here, it was surprisingly found that the porous structures of the present invention do not exhibit 

undesirable viscoelastic behavior even at high volume fractions, approaching close packing. To the contrary, 
they remain as free flowing, low viscosity suspensions having little or no yield stress when compared with 
analogous suspensions comprising solid particulates. The low viscosity of the disclosed suspensions is 
thought to be due, at least in large part, to the relatively low van der Waals attraction between the fluid-filled 

3S hollow, porous particles. As such, in selected embodiments the volume fraction of the disclosed dispersions is 
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greater than approximately 0.3. Other embodiments may have packing values on the order of 0.3 to about 
0.5 or on the order of 0.5 to about 0.8, with the higher values approaching a close pecking condition. 
Moreover, as particle sedimentation tends to naturally decrease when the volume fraction approaches close 
packing, the formation of relatively concentrated dispersions may further increase formulation stability. 
S Although the methods and compositions of the present invention may be used to fomi relatively 

concentrated suspensions, the stabilizing factors work equally well at much lower packing volumes and such 
dispersions are contemplated es being within the scope of the instant disclosure. In this regard, it will be 
appreciated that, dispersions comprising low volume fractions are extremely difficult to stabilize using prior 
art techniques. Conversely, dispersions incorporating perforated microstructures comprising a bioactive 

10 agent as described herein are particularly stable even et low volume fractions. Accordingly, the present 
invention allows for stabilized dispersions, and particulariy respiratory dispersions, to be formed and used at 
volume fractions less than 0.3. In some preferred embodiments, the volume fraction is approximately 0.0001 
• 0.3, more preferebiy 0.001 • 0.01. Yet other preferred embodiments comprise stabilized suspensions having 
volume fractions from approximately 0.01 to approximately 0.1. 

IS The perforated microstructures of the present invention may also be used to stabilize dilute 

suspensions of micronized bioactive agents. In such embodiments the perforated microstructures may be 
added to increase the volume fraction of particles in the suspension, thereby increasing suspension stability to 
creaming or sedimentation. Further, in these embodiments the incorporated microstructures may also act in 
preventing close approach (aggregation! of the micronized drug particles. It should be appredated that, the 

20 perforated microstructures incorporated in such embodiments do not necessarily comprise a bioactive agent. 
Rather, they may be formed exclusively of various excipients. including surfactants. 

Those skilled in the art will further appreciate that the stabilized suspensions or dispersions of the 
present invention may be prepared by dispersal of the microstructures in the selected suspension medium 
which may then be placed in a container or reservoir. In this regard, the stabilized preparations of the present 

25 invention can be made by simply combining the components in sufficient quantity to produce the final desired 
dispersion concentration. Although the microstructures readily (fisperse without mechanical energy, the 
application of mechanical energy to aid in dispersion (e.g. with the aid of sonicationi is contemplated, 
particulariy for the formation of stable emulsions or reverse emulsions. Altemativdy, the components may be 
mixed by simple shaking or other type of agitation. The process is preferably carried out under anhydrous 

30 conditions to obviate any adverse effects of moisture on suspension stability. Once fonned, the (Sspersion has 
a reduced susceptibility to f locculation and sedmentation. 

As indicated throughout the instant specification, the dispersions of the present invention are preferably 
stabilized. In e broad sense, the terni "stabilized dispersion" will be held to mean any dispersion that resists 
aggregation, flocculation or creaming to the extent required to provide for the effective delivery of a bioactive agent 

3 5 While those skiled In the art wifl appreciate that there are severe! methods that may be used to assess the stabiity 
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of a given dispersioiv a preferred method for the purposes of the present invention comprises detenTtination of 
creaming or sedimentation time using a dynamic photosedimentation method. As seen in Example iX and Hgure 2, a 
prefen'ed method comprises subjecting suspended particles to a centrifugal force and measuring absorbance of 
the suspension as a function of time. A rapid decrease in the absorbance identifies a suspension with poor 
stability, it is submitted that those skilled in the art will be able to adapt the procedure to specific 
suspensions without undue experimentation. 

For the purposes of the present invention the creaming time shall be defined as the time for the suspended 
dnig particulates to cream to 1/2 the volune of the suspension medium. Similariy, the sedimentation time may be 
defined as the time it takes for the particulates to sediment in 1/2 the volume of the liquid medium. Besides the 
photosedimentation technique described above, a relatively simple way to determine the creaming time of a 
preparation is to provide the participate suspension in a sealed glass vial. The vials are agitated or shaken to provide 
relatively homogeneous dispersions which are then set aside and observed using appropriate instrumentation or by 
visual inspection. The time necessary for the suspended particulates to cream to 112 the volume of the suspenson 
medium (i.e., to rise to the top half of the suspension medumK or to sediment within 1/2 the volume G.e., to settle in 
the bottom 1 12 of the m^uml, is then noted. Suspension formulations having a creaming time greater than 1 minute 
are preferred and indcate suitable stability. More preferably, the stabiGzed dispersions comprise creaming times of 
greater than U 2, 5« 10, 15, 20 or 30 minutes. In particdariy preferred embodiments, the staUEzed dispersions 
exhibit creaming times of greater than about 1, 1.5, Z 2.5, or 3 hours. Substantially equh/alent periods for 
sedmentation times are incficative of compatible (fispersions. 

As ifiscussed herein, the stabilized dispersions disclosed herein may preferably be administered to the nasal 
or pulmonary air passages of a patient via aerosolization, such as with a metered dose inhaler. The use of such 
stabiized preparations provides for superior dose reproducibility and improved lung deposition as described above. 
MDIs are well known in the art and could easily be employed for administration of the claimed cfispersions without 
undue experimentation. Breath activated MDIs, as well as those comprising other types of improvements which 
have beerv or will be, developed are also compatible with the stabilized dispersions and present invention and, as 
such, are contemplated as being with in the scope thereof. However, it should be emphasized that in preferred 
embodments, the stabilized dispersions may be aitninistered with an MDI using a number of different routes 
including, but not limited to, topical, nasal, ptimonary or oral. Those skiBed in the art will appreciate that such routes 
are well known and that the dosing and admirastration procedures may be eaaiy derived for the stabiGzed dspersions 
of the present invention. 

MDI canisters generally comprise a container or reservoir capable of withstanding the vapor pressure of 
the propellent used such as, a plastic or plastic-coated glass bottler or preferably, a metal can or, for exemple, an 
aluminum can which may optionally be anodzed, lacquer-coated and/or plastic-coated, wherein the container is 
closed mXh a metering valve. The metering valves are designed to deliver e metered amount of the formulation per 
actuation. The valves incorporate a gasket to prevent leakage of propellent through the vatve. The gasket may 
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comprise any stitaUe elastomsric material such as, for example, low density pdyethylene, chtorobutyl, Uack and 
wKtB biitadiens-Bcrylonitnle rubbery, butyl rubber and neoprene. Suitable valves are cammerciaiiy available frran 
manufacturers well known in the aerosol industry, for example, from Valois, France (e.g. DRO, DF30, DF 31/50 ACL 
DF60), Bespak pic, LTK (e.g. BK3Q0, BK35B) and 3M-Neotechnic Ltd^ UK (e.g. Spraymiser). 
S Each filled canister is conveniently fitted into a stitafale channeling device or actuator prior to use to fonn a 

metered dose inhaler for administration of the medicament into the lungs or nasal cavity of a patient. Suitable 
channeling devices comprise for example a valve actuator and a cyfindrical or cone^ike passage through wMch 
medcament may be deihrered from the filled canister via the metering valve, to the nose or mouth of a patient e.g., a 
mouthpiece actuator. Metered dose inhalers are designed to deliver a fixed unit dosage of medicament per actuation 

1 0 such as, for example, in the range of 10 to 5000 micrograms of bioactive agent per actuation. Typically, a single 
charged canister will provide for tens or even hundreds of shots or doses. 

With respect to MDIs, it is an advantage of the present invention that any biocompatible suspension 
medum having adequate vapor pressure to act as a propeflant may be used. Particularfy preferred suspension meda 
are compatible with use in a metered dose inhaler. That is, they will be able to fomi aerosols upon the activation of 

IS the metering valve and associated release of pressure. In general, the selected suspension medium should be 
biocompatible (i.e. relativdy non-toxic) and non-reactive with respect to the suspended perforated microstructures 
comprising the taoactive agent. Preferably, the suspension medum will not act as a substantial solvent for any 
components incorporated in the perforated microspheres. Selected embodiments of the invention comprise 
suspension media selected from the group consisting of fiuorocarbons (including those substituted with other 

20 halogens), hydrofluoroalkanes, periluorocarbons, hydrocarbons, alcohols, ethers or combinations thereof. It wOl be 
appreciated that the suspension medium may comprise a mixture of various compounds selected to impart specific 
characteristics. 

Particdariy suitable propellants for use in the MDl suspension mediums of the present invention are those 
propellent gases that can be liquefied under pressure at room temperature and, upon inhalation or topical use, are 

25 safe, toxicologically innocuous and free of side effects. In this regard, compatible propellants may comprise any 
hydrocarbon, fluorocarbon, hydrogen-conteining fiuorocarbon or mixtures thereof having a sufficient vapor 
pressure to efficiently form aerosols upon activation of a metered dose inhaler. Those propellants typically 
termed hydrofluoroalkanes or HFAs are especially compatible. Suitable propellants include, for example, short 
chain hydrocarbons, hydrogen-containing chlorofluorocarbons such as CH2CIF, CCI2F2CHCIF, CF3CHCIF. 

30 CHFjCCIFz, CHCIFCHF2, CF3CH2CI, and CCIF2CH3; hydrogen-containing fiuorocarbons (e.g. HFAs) such as 
CHF2CHF2, CF3CH2F, CHF2CH3, and CFaCHFCFa; and perfluorocartions such as CF3CF3 and CF3CF2CF3. 
Preferably, e single perfluorocarbon 'or hydrogen-containing fluorocarbon is employed as the propellent. 
Particulariy preferred as propellants are 1,1,1,2-tetrafluoroBthanB (CF3CH2F) |HFA-134a) and 1,1,1,2,3,3,3- 
heptafluoro-n-propane ICF3CHFCF3) |HFA*227), perfluoroethan^ monochlorodifiuoromethane, 1,1-difluoroethene, 

35 and combinations thereof. It is desirable that the fonnulations contain no components that deplete 
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stratospheric ozone. In particular it is desirable that the formulations are substantially free of 
chloroftuorocarbons such as CCIjF, CCI2F2, and CF3CCI3. 

Specific fluorocarbons, or classes of fiuorinated compounds, that are useful in the suspension media 
include, but are not limited to, fluoroheptane, fiuorocydoheptane, fiuoromethylcycloheptana, fluorohexane, 

5 fluorocydohexane, fluoropentane, fiuorocyclopentane, fluoromethylcydopentane, fiuorodmBthylcyclopentanes, 
fluoromethylcyciobutane, fluorodimethyicydohutane, fluorotrimethylcyclobutane, fiuorobutane, fluorocydobutane, 
fluoropropane, fiuoroethers, fiuoropdyethers and fluorotriethyiamines. It will be appreciated that, these compounds 
may be used alone or in combination with more volatile propdiants. It is a distinct advantage that such compounds 
are generally environmentally sound and indogicelly non-reactive. 

10 In addition to the aforementioned fluorocarbons and hydrofluoroalkanes, various 

chlorofluorocarbons and substituted fiuorinated compounds may also be used as suspension mediums in 
accordance with the teachings herein. In this respect, FC-11 (CCL3FI, FC-11B1 (CBrCI2Fl FC-llBZ 
(CBr2CIF|, FC12B2 (CF2Br2), FC21 (CHCI2F), FC21B1 {CHBrCIF}, FC-21B2 |CHBr2FL FC-SIBI |CH2BrFl 
FCn3A (CCI3CF31, FC-122 ICCIF2CHCI2I, FC.123 ICF3CHCI21 FC-132 ICHCIFCHCIR, FC-133 ICHCIFCHF21, 

15 FC.141 |CH2CICHCia FC-MIB ICCI2FCH3K FC.142 (CHF2CH2CI), FC-151 ICH2FCH2CIK FC.152 
(CH2FCH2R, FC.1112 (CCIF-CCIF), FC.1121 (CHCI-CFCl) and FC-1131 (CHCI-CHF) are ail compatible with 
the teachings herein despite possible attendant environmental concerns. As sucli, each of these compounds 
may be used, alone or in combination with other compounds (i.e. less volatite fluorocarbons) to form the 
stabilized respiratory dispersions of the present invention. 

20 Along with the aforementioned embodiments, the stabilized dispersions of the present invention may 

also be used in conjunction with nebulizers to provide an aerosolized medicament that may be administered to 
the pulmonary air passages of a patient in need thereof. Nebulizers are well known in the art and oodd easily be 
employed for administration of the daimed dispersions without undue experimentation. Breath activated nebulizers, 
as well as those comprising other types of improvements which have been, or will be, developed are also compatible 

25 with the stabifzed dispersions end present invention end are contemplated es being with in the scope thereof. 

Nebiiizers vyork by forming aerosols, that is converting a bulk liqtid into small droplets suspended in a 
breathable gas. Here, the aerosoTized medicament to be adniristered (preferably to the pulmonary m passages) wiH 
comprise small droplets of suspension mediun assodated with perforated microstructures comprising a bioactive 
agent. In such embodiments, the stablized cfisperdons of the present invention will typically be placed in a fluid 

30 reservoir operaUy essodated with a nebuGzer. The spedfic vdumes of preparation provided, means of filling the 
reservdr, etc., wID largely be dependent on the selection of the individual nebulizer and is well within the purview of 
the skiled artisan. Of course, the present invention is entirely compatiblB with single-dose nebulizers and mudtipie 
dose nebufizers. 

Traditional prior art nebulizer preparations typically comprise aqueous sdutions of the selected 
3 S phamiaceuticd compound. With such prior art nebulizer preparations, it has long been established that corruption of 
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the incorporated therapeutic compound can severety reduce efficacy. For example, with conventional aqueous multi- 
dose nebuBzer preparations, bacterial contamination is a constant problem. In addition, the solubiSzed medicament 
may precipitate out, or degrade over time, adversely affecting the delivery profile. THs is particulady true of larger, 
more labile tsopoiymers such as enzymes or other types of proteins. Precipitation of the incorporated bioactive agent 

S may lead to partide growth that results in a substantial reduction in lung penetration and a corresponding decrease in 
bioavailability. Such dosing incongruities markedy decrease the effectiveness of any treatment 

The present invention overcomes these and other difficulties by providing stabilized dispersions with 
a suspension medium that preferably comprises a fluorinated compound |i.e. a fluorochemical, fluorocarbon or 
perfluorocarbonl. Particulariy preferred embodiments of the present invention comprise fluorochemicals that are 

1 0 liquid at room temperature. As indicated above, the use of such compounds, whether as a continuous phase or, as 
a suspension medium, provides several advantages over prior art liquid inhalation preparations. In tNs regard, it is 
well established that many fluorochemicals have a proven history of safety and biocompatilBiity in the lung. Further, 
in contrast to aqueous solutions, fluorocheniicals do not negatively impact gas exchange following pulmonary 
acMnistration. To the contrary, they may actually be able to improve gas exchange ani due to their unique 

IS wettabDity characteristics, are able to carry an aerosolized stream of particles deeper into the lung, thereby 
improving systemic delivery of the desired phamiaceutical compound. In edditioii, the relatively non-reactive nature 
of fluorochemicals acts to retard any degradation of an incorporated bioactivB agent Rnaliy, many fluorochenncds 
are also bacteriostatic thereby decreasing the potential for microbial growth in compatible nebulizer devices. 

In any event, nebulizer mediated aerosolization typically requires an input of energy in order to produce tite 

20 increased surface area of the droplets and, in some cases, to provide transportation of the atomized or aerosoitzed 
medcament. One common mode of aerosolization is forcing a stream of fliid to be ejected from a nozzle, whweby 
droplets are formed. With respect to nebufized administration, addtional energy is usually imparted to provide 
droplets that will be sufficiently smaD to be transported deep into the lungs. Thus, additional energy is needed, such 
as that provided by a high velocity gas stream or a piezoelectric crystal. Two popular types of nebulizers, jet 

25 nebulizers and ultrasonic nebulizers, rely on the aforementioned methods of applying addtional energy to the fluid 
during atomization. 

In temns of pulmonary delivery of bioactive agents to the systemic circulation via nebiiization, recent 
research has focused on the use of portable hand-held ultrasonic nebuFizers, also referred to as metered solutions. 
These devices, generally known as single-bolus nebulizers, aerosolize a single bolus of medication in an aqueous 

30 solution with a partide size efficient for deep lung delivery in one or two breaths. These devices fall into three broad 
categories. The first category comprises pure piezoelectric single-bolus nebulizers such as those described by 
Mutterieia et al., (J. Aerosol Med. 1988; 1:231). In another category, the desired aerasd doud may be generated 
by microchannei extrusion single-bdus nebulizers such as those described in U.S. Pat. No. 3,812,854. Rnaily, a third 
category comprises devices exemplified by Robertson, et. al., (WO 92111050) which describes cydic pressurization 

3 5 singla-bdus nebulizers. Each of the aforementioned references is incorporated herein in tfieir entirety. Most devices 



-41- 



wo 99/16419 



PCTAJS98/20602 



are manually actuateti but sme devices exist which are breath actuated. Breath actuated devices work by 
releasing aerosot when the device senses the patient inhding through a circuit. Breath actuated nebuiizers may aiso 
be placed in-line on a ventilator drcuit to release aerosol into the air flow which comprises the inspiration gases for a 
patient. 

S Regardless of which type of nebulizer is employed, it is an advantage of the present invention that 

biocompatible nonaqueous compounds may be used es suspension mecfiums. Preferably, they will be able to form 
aerosols upon the application of energy thereto. In general, the selected suspension medum should be biocompatible 
fi.e. rdatively non-toxic) and non-reacth/a with respect to the suspended perforated microstnictures comprising the 
bioactive agent. Preferred emboifiments comprise suspension media selected from the group consisting of 
10 fluorochemicals, fiuorocarbons (including those substituted with other halogens), perfluorocarbons, 
fiuorocarbon/hydrocarbon dblocks, hydrocarbons, alcohols, ethers, or comUnations thereof. It wifl be appreciated 
that the suspension medium may comprise a mixture of various compounds selected to impart specific 
characteristics. It will also be appreciated that the perforated microstructures are preferably insoluUe in the 
suspension medium, thereby providing for stabilized medicament particles, and effectively protecting a selected 
15 bioactive agent from degradatioa es might occur during prolonged storage in an aqueous solution. In preferred 
embodiments, the selected suspension medium is bacteriostatic. The suspension formtiation also protects the 
bioactive agent from degradation during the nebuSzation process. 

As indicated abovep the suspension media may comprise any one of a number of different compounds 
including hydrocarbons, fiuorocarbons or hydrocarbon/fluorocarbon diUocks. In general, the contemplated 
20 hydrocarbons or highly fluorinated or perfluorinated compounds may be linear, branched or cydic, saturated or 
unsaturated compounds. Conventional structural derivatives of these fluorochemicals and hydrocarbons are also 
contemplated as being within the scope of the present invention as well. Selected embodiments comprising these 
totally or partially fluorinated compounds may contain one or mote hetero-atoms and/or atoms of bromine or chlorine. 
Preferably, these fluorochemicBis comprise from 2 to 16 carbon atoms and indide, but are not Mted to, Gnear, 
25 cycfic or pdycyclic perfluoroalkanes, tnsiperfluoroalkyOalkenes, perfluoroethers, perfluoroamines, perfluoroalkyi 
bronrides and perfluoroalkyi cNoiides such as dchlorooctane. Partiailariy preferred fluorinated compounds for use in 
the suspension medium may comprise perfluorooctyl bromide C8Fi7Br (PFOB or perflubron), dcMorofluorooctane 
ZJFxfiii and the hydrofluoroalkane perfluorooctyl ethane CgFi AKs (PFOE). With respect to other embodiments, the 
use of perfluorohexane or perfluoropentane as the suspension medium is especialy prefen'ed. 
30 More generally, exemplary fluorochemicals which are contemplated for use in the present invention 

generally induda hdogenated fluorochemicals |i.e. C„F2a«,X, XCnFjoX, where n - 2*10, X - Br, CI or I) and in 
particular, 1-bromo-F-butane n-C^FsBr, l-bromo-F-hexene In-CeFijBrl, 1rbromo-F-heptane |n-C7F,5Br), 1,4-dibromo-F- 
butane and 1,6-dibromo-F-hexane. Other useful brominated fluorochemicals are dsdosed in US Patent No. 
3,975,512 to Long and are incorporated herein by reference. Spedfic fluorochemicals having chloride substituents, 



-42- 



wo 99/16419 



PCTAJS98/20602 



such as perfluorooctyl chloride (n-CeF^CD, 1,8-dicHoro-F-octanB In-CICeFjeCB, 1,6-dichloro-F-hBxan8 (n-CICeF^CI), and 
1, 4-dichloroF-butan8 (n-CIC^FeCI) are also preferred. 

FluorocarbonSr fluorocarbon-hydrocarbon compounds and halogenated fluorochemicals contairing other 
linkage groups, such as esters, thioathers and amines are also suitable for use as suspension medie In the present 
invention. For instance, compounds having the general fomiula, C„Fa».,0C„F2„,„ or C„F2„.,CH-CHC„F2„.i, (as for 
example C4F9CH-CHC4F9 IF44EI, i-CjFgCH-CHCeFia (F-i36EI. and CeFijCH-CHCeFnIF-BeE)) where n and m are the 
same or different and n and m are integers from about 2 to about 12 are compatible with teachings herein. Useful 
fluorochemical-hydrocarbon diblock and triblock compounds indude those with the general formulas C„F2„,,.C„Ha„», 
and C„F2,„C„H2^„ where n - 2-12; m - 2-16 or C^%.yCJF^'CJ\^^u where p - M2, m - 1-12 and n - 2-12. 
Preferred compounds of this type include CbF,7C2H^ O^^yMi CeF,AH,;. CeFjaCH-CHCeH.j and 
CflF.TCH-CHCjoHj,. Substituted ethers or polyethers (i.e. XC/jnOVj^X, XCFOC„F2„OCF2X, where n and m - 1-4, X 
- Br, CI or i| and fluorochemical-hydrocarbon ether tfiblocks or triblocks (i.e. C„F2„.rO-C„H2m.„ where n - 2-10; m - 
2-18 or CpHzp.i-O-C^Fzn'O-C^Ha,,,, where p - 2-12, m - M2 and n - 2-121 may also used as wdl as C„F2„*,0- 
^nfinP^9^2p*u wherein a m and p are from M2. Furthennore, depending on the eppiication, perfluoroalkylated 
ethers or polyethers may be compatible with the claimed dispersions. 

Polycydic and cyclic fluorochemicals, such as C,oF,e (F-decalin or perfluorodecalinL 
perfluoroperhydrophenanthrene, perfluorotetramethylcydohexana (AP-1441 and perfluoro n-butyldecalin are also 
within the scope of the invention. Addtional useftjl fluorochemicals indude perfiuorinated amines, such as F- 
tripropylamine ("FPA") and F-tributyiamine ("FTBA"). F4HnBthyloctahydroquinoIizine ("FMOQ"), F-N-methyl- 
decahydroisoquinoline ("FMIQ"), F-N mathyldecahydroquinoline (THQ"|, F N-cydohexyipyrrdidine ("FCHPT and F-2- 
butyltetrahydroftiran ("FC.75"or "FC77"). Still other useful fluorinated compounds include perfluorophenanthrene, 
perfiuoromethyldecalin, perfluorodimethylethylcyciohBxane, perfluorodimethyldecalin, perfluorodiethyldBcalin, 
perfluoromethyiadamantane, perfluorodimethyjadamantane. Other contemplated fluorochemicals having nonfluorine 
substituents, sxh as, perfluorooctyl hydride, and sMIar compounds having different nunbers of carbon atoms are 
also useful. Those skiDed in the art will further appredate that other variously modified fluorochemicals are 
encompassed within the broad definition of fluorochemical as used in the Instant application and suitable for use in 
the present inventioa As such, each of the foregoing compounds may be used alone or in combination with other 
compounds to fomi the stabilized dispersions of the present invention. 

Spedfic fluorocarbons, or dasses of fluorinated compounds, that may be useful as suspension media 
indude, but are not Hmited to, fhjoroheptane, fluorocydoheptane fluoromethylcydoheptane, fluorohexane, 
fluorocyclohexene, iiuoropentane, fluorocyclopentane, fluoromethylcydopentane, fiuorodimethylcydopentanes, 
fluoromethylcydobutane, fluorodimBthylcydobutane, fluorotrimethylcydobutane, fiuorobutane, fluorocydobutane, 
fiuoropropane, fluoroethers, fluoropdyethers and fluorotriethylaminBs. Such compounds are generally 
environmentally sound and are biologically non-reactive. 
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While any fluid compound capable of producing an aerosol upon the application of energy may be used in 
conjunction with the present invention, the selected suspension medum will preferably have a vapor pressure less 
than about 5 atmospheres and more preferably less than about 2 atmospheres. Unless otherwise specified, all vapor 
pressures recited herein are measured at 25°C. In other embodments, preferred suspenaon media compounds will 

5 have vapor pressures on the order of about 5 torr to about 760 torr, with more preferable compounds having vapor 
pressures on the order of from about 8 torr to about 60D torr, while still more preferable compounds will have vapor 
pressures on the order of from about 10 torr to about 350 torr. Such suspension media may be used in conjunction 
with compressed air nebiiizers, ultrasonic nebuBzers or with mechanical atomizers to provide effective ventilation 
therapy. Moreover, more vdatile compounds may be mixed with lower vapor pressure components to provide 

10 suspension me(fia having spediied physical characteristics selected to further improve stability or enhance the 
bioavailability of the dispersed tnoactive agent. 

Other embodiments of the present invention directed to nebulizers wiii comprise suspension meda that boil 
at selected temperatures under ambient conditions (i.e. 1 atm). For example; preferred embodiments will comprise 
suspension media compounds that bdl above Q°C, above 5^C, above 10°C, above IS"", or above 20°C. in other 

1 S embodiments, the suspension meda compound may boil at or above 25°C or at or above 30"C. In yet other 
embodments, the selected suspension media compound may bdl at or above human body temperature (i.e. 37*^0, 
above AS'C, SS^'C, GS'^a 75''Cr SS'^C or above IGO^'C. 

Along with MDIs and nebulizers, it will be appredated that the stablized dispersions of the present 
invention may be used in conjunction with Rquid dose instillation or LDl techniques. Liquid dose instiBation invdves 

20 the drect administration of a stabilized dispersion to the lung. In this regard, drect pulmonary admirustration of 
bioactive compounds is particularly effective in the treatment of dsorders espeddly where poor vascdar drcdation 
of dseased portions of a lung reduces the effectiveness of intravenous drug delivery. With respect to LDl the 
stabilized dispersions are preferably used in conjunction with partial liqdd ventilation or total liquid ventilation. 
Moreover, the present invention may further comprise introducing e therapeutically beneficial amount of a 

25 physiologically acceptaUs gas (such as nitric oxide or oxygen) into the phamiaceutical microdsperdon prior to, during 
orfdiowing administration. 

For LOl, the dispersions of the present invention may be admirustered to the lung using a pulmonary 
ddivery conddt. Those skilled in the art will appredate the temi "pulmonary delivery conduit^ as used herein, 
shall be construed in a broad sense to comprise any device or epparatus, or component thereof, that provides 

30 for the instillation or administration of a liqdd in the lungs. In this respect a pulmonary delivery conduit or 
delivery conduit shall be held to mean any bore, lumen, catheter, tube, conduit, syringe, actuator, mouthpiece, 
endotracheal tube or bronchoscope that provides for the administration or instillation of the disclosed 
disperdons to at least a portion of the pulmonary dr passages of a patient in need thereof. It will be 
appredated that the delivery conduit may or may not be associated with a liquid ventilator or gas ventilator. 
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In particularly preferred embodiments the delivery conduit stiaii comprise an endotracheal tube or 
bronchoscope. 

Here it must be emphasized that the dispersions of the present invention may be administered to 
ventilated (e.g. those connected to a mechanical ventilator) or nonventiiated, patients (e.g. those undergoing 
spontaneous respiration). Accordingly, in preferred embodiments the methods and systems of the present 
invention may comprise the use or inclusion of a mechanical ventilator. Further, the stabilized dispersions of 
the present invention may also be used as a lavage agent to remove debris in the lung, or for diagnostic lavage 
procedures. In any case the introduction of liquids, particularly fluorochemicals, into the lungs of a patient is 
well known and could be accomplished by a skilled artisan in possession of the instant specification without 
undue experimentation. 

Those skilled in the art wilt appreciate that suspension media compatible with LDI techniques are 
similar to those set forth above for use in conjunction with nebulizers. Accordingly, for the purposes of the 
present application suspension media for dispersions compatible with LDI shall be equivalent to those 
enumerated above in conjunction with use in nebulizers, in any event, it will be appreciated that in 
particularly preferred LDI embodiments the selected suspension medium shall comprise a fluorochemicai that 
is liquid under ambient conditions. 

It will be understood that in connection with the present invention, the disclosed dispersions are 
preferably administered directly to at least a portion of the pulmonary air passages of a mammal. As used 
herein, the terms "direct instillation" or "direct administration" shall be held to mean the introduction of a 
stabilized dispersion into the lung cavity of a mammal. That is, the dispersion will preferably be administered 
through the trachea of a patient and into the lungs as a relatively free flowing liquid passing through a 
delivery conduit and into the pulmonary air passages. In this regard, the flow of the dispersion may be gravity 
assisted or may be afforded by induced pressure such as through a pump or the compression of a syringe 
plunger. In any case, the amount of dispersion administered may be monitored by mechanical devices such as 
flow meters or by visual inspection. 

While the stabilized dispersions may be administered up to the functional residual capacity of the lungs of a 
patient, it will be appreciated that selected embodiments will comprise the pulmonary admirnstration of much smaller 
vdunes (e.g. on the order of a milliliter or less). For example, depending on the disorder to be treated, the volume 
administeiBd may be on the order of 1, 3, 5, 10, 20, 50, 100, 200 or 500 milliliters. In preferred embodiments the 
liquid volume is less than 0.25 or 0.5 percent PRC. For particuiariy preferred embodiments, the liquid volume 
is 0.1 percent FRO or less. With respect to the administration of relatively low volumes of stabilized 
dispersions it will be appreciated that the wettability and spreading characteristics of the suspension media 
(particuiariy fiuorochemicals) will facilitate the even distribution of the bioactive agent in the lung. However, 
in other embodiments it may be preferable to administer the suspensions a volumes of greater than 0.5, 0.75 
or 0.9 percent PRC. In any event. LDI treatment as disclosed herein represents a new alternative for critically 
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ill patients on mechanical ventilators, and opens the door for treatment of less Hi patients with bronchoscopic 
administration. 

It wiD also be understood that other components can be included in the stabilized dispersions of the present 
invention. For example, osmotic agents, stabilizers, chelators, buffers, viscosity moddators, salts, and sugars can be 
added to fine tune the stabilized dispersions for maximum life and ease of administration. Such components may be 
added directly to the suspension medium or associated with, or incorporated in, the perforated microstructures. 
Considerations such as sterility, isotonicity, and biocompatibiiity may govem the use of conventional additives to the 
disclosed compositions. The use of such agents will be understood to those of ordinary skill in the art and, the 
specific quantities, ratios, and types of agents can be detemiined empirically witiiout undue experimentation. 

Moreover, while the stabilized dispersions of the present invention are particularly suitable for the 
pulmonary administration of bioactive agents, they may also be used for the localized or systemic administration of 
compounds to any location of the body. Accordingly, it should be emphasized that, in ptaferred embodiments, the 
formulations may be administered using a number of differant routes inclucfing, but not limited to, the gastrointestinal 
tract, the respiratory tract, topicaDy, intramuscularty, inuaperitoneally, nasally, vagin% rectally, aurally, orally or 
ocular. More generally, the stabilized dispersions of the present invention may be used to deliver agents topically or 
by aMnistration to a non-pulmonary body cavity. In preferred embodiments the body cavity is selected from the 
group consisting of the peritoneum, sinus cavity, rectum, urethrar gastrointestinal tract, nasal cavity, va^na, 
auditory meatus, oral cavity, buccal pouch and pleura. Among otiier indications, stabilized dispersions comprising the 
appropriate bioactive agent, {e.g. an antibiotic or an anti-inflammatory), may be used to treat infections of the ay^ 
sinusitis, infections of the auditory tract and even infections or disorders of the gestrointestinal tract. With respect 
to the tatter, the dispersions of the present invention may be used to selectively deliver phamiaceutical compounds to 
the lining of the stonach for the treatment of H. infections or other ulcer related disorders. 

With regard to the perforated microstructure powders and staUized dispersions disclosed her«n those 
skSledinthe art will appreciate that they may be advantageously supplied to the physician or other health care 
professional, in a sterile, prepackaged or kit fomi. More particulariy, the formulations may be supplied as 
stable powders or preformed dispersions ready for administration to the patient. Conversely, they may be 
provided as separate, ready to mix components. When provided in a ready to use form, the powders or 
dispersions may be packaged in single usa containers or reservoirs, as well as in multi-use containers or 
reservoirs. In either case, the container or reservoir may be associated with the selected inhalation or 
administration device and used as described herein. When provided as individual components (e.g., as 
powdered microspheres end as neat suspension medium) the stabilized preparations may then be formed at 
any time prior to use by simply combining the contents of the containers as directed. Additionally, such kits 
may contain a number of ready to mix, or prepackaged dosing units so that the user can than administer them 
as needed. 
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Although preferred embodiments of the present invention comprise powders and stabilized dispersions for 
use in phamiaceutical applications, it will be appreciated that the perforated microstructures and disclosed 
ifispersions may be used for a number of non pharmaceutical applications. That \s, the present invention provides 
perforated microstructures which have a broad range of applications where a powder is suspended and/or 
aerosolized. In particular, the present invention is especially effective where an active or bioactive ingredient 
must be dissolved, suspended or solubilized as fast as possible. By increasing the surface area of the porous 
micropartides or by incorporation with suitable excipients as described herein, will result in an improvement in 
dispersibility, andlor suspension stability. In this regard, rapid dispersement applications include, but are not 
limited to: detergents, dishwasher detergents, food swMteners, comfiments, spices, mineral flotation 
detergents, thickening agents, foliar fertilizers, phytohormones, insect pheromones, insect repellents, pet 
repellents, pesticides, fungicides, disinfectants, perfumes, deodorants, etc. 

Applications that require finely divided particles in a non-aqueous suspension media (i.e., solid , liquid 
or gaseous) are also contemplated as being imthin the scope of the present invention. As explained herein, 
the use of perforated microstructures to provide a "homodispersion" minimizes particle-particle interactions. 
As such, the perforated microspheres and stabilized suspensions of the present invention are particularly 
compatible with applications that require: inorganic pigments, dyes, inks, paints, explosives, pyrotechnic, 
adsorbents, absorbents, catalyst, nucleating agents, polymers, resins, insulators, fillers, etc. The present 
invention offers benefits over prior art preparations for use in applications which require aerosofization or 
Btomization. In such non pharmaceutical uses the preparations can be in the form of a liquid suspension Isuch 
as with a propeHantl or as a dry powder. Preferred embodiments comprising perforated microstructures as 
described herein include, but are not limited to, ink jet printing formulations, powder coating, spray paint, 
spray pesticides etc. 

The foregoing description will be more fully understood with reference to the following Examples. Such 
Examples, are, however, merely representathre of preferred methods of practicing the present invention and should 
not be read as limiting tha scope of the invention. 

I 

Preperation of Hollow Porous Particles of Gentamicin Sulfate by S orav-Drvinq 

40 to 60ml of the following solutions were prepared for spray drying: 

50% wlw hydrogenated phosphatidylcholine, E-1 00-3 

(Lipoid KG, Ludwigshafen, Germany) 
50% wlw gentamicin sulfate (Amresco, Solon, OH) 
Perfluorooctylbromide, Perflubron (NMK, Japan) 
Deionized water 

Perforated microstructures comprising gentamicin sulfate were prepared by a spray drying 
technique using a B-19t Mini Spray-Drier (Biichi, Flawil, Switzeriand) under the following conditions: 
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aspiration: 100%, inlet temperature: 85°C; outlet temperature: OrC; feed pump: 10%; Nj flow: 2,800 Uhr. 
Variations in powder porosity were examined as a function of the tdowing agent concentration. 

Ruorocarfaon-in-water emulsions of perfluorooctyl bromide containing a 1:1 w/w ratio of 
phosphatidylcholine (PC), and gentamidn sulfate were prepared varying only the PFC/PC ratio. 1.3 grams of 
hydrogenated egg phosphatidylcholine was dispersed in 25 mL deionized water using an Ultra-Turrax mixer 
(model T-251 et 8000 rpm for 2 to 5 minutes (T - 60-70° C). A range from 0 to 40 grams of perflubron was 
added dropwise during mixing IT - 60-70° C). After addition was completer the fiuorocerbon-in-water emulsion was 
mixed for an additional period of not less than 4 minutes. The resulting coarse emulsions were then homogenized 
under Kgh pressure with an Avestin (Ottawa, Canada) homogenizer at 15,000 psi for 5 passes. Gentamidn sulfate 
was dissolved in approximately 4 to 5 ml deionized water end subsequentiy mixed with the perflubron emulsion 
immediateiy prior to the spray dry process. The gentamidn powders were then obtained by spray drying using 
the conditions described above. A free flowing pale yellow powder was obtained for all perflubron containing 
formuiations. The yield for each of the various fonnuiations ranged from 35% to 60%. 

II 

MorpholoQV of Gentamicin Sulfate Sorav-Dried Powders 
A strong dependence of the powder morphology, degree of porosity, and production yield was observed as 
a function of the PFC/PC ratio by scanning electron microscopy (SEM). A series of six SEM micrographs 
illustrating these observations, labeled 1A1 to 1F1, are shown in the left hand column of Fig. 1. As seen in 
these micrographs, the porosity and surface roughness was found to be highly dependent on the 
concentration of the blowing agent, where the surface roughness, number and size of the pores increased 
with increasing PFC/PC ratios. For example, the fonnulation devoid of perfluorooctyl bromide produced 
microstructures that appeared to be highly agglomereted and readily adhered to the surface of the glass vial. 
Similarly, smooth, spherically shaped micropartides were obtained when relatively little (PFC/PC ratio - 1.1 
or 2.2) blowing agent was used. As the PFC/PC ratio was increased the porosity and surface roughness 
increased dramatically. 

As shown in the right hand column of Fig. 1, the hollow nature of the microstructures was also 
enhanced by the incorporation of additional blowing agent. More particuiariy, the series of six microgrephs 
labeled 1A2 to 1F2 show cross sections of fractured microstructures as revealed by transmission electron 
microscopy ITEM). Each of these images was produced using the same microstructure preparation as was used to 
produce the corresponding SEM micrograph in the left hand cdumn. Both the hdiow nature and wall thickness of 
the resulting perforated microstructures appeared to be largdy dependent on the concentration of the 
selected blowing agent. That is, the hollow nature of the preparation appeared to increase and the thickness 
of the perticle walls appeared to decrease as tite PFC/PC ratio increased. As may be seen in Figs. 1A2 to 1C2 
substantially solid structures were obtained from formulations containing littie or no fluorocarbon blowing 
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agent. Conversely, the perforated microstructures produced using a relatively high PFC /PC ratio of 
approximately 45 (shown in Fig. 1 F2 proved to be extremely hallow with a relatively thin wail ranging from 
about 43.5 to 261 nm. Both types of particles are compatible for use in the present invention. 

Ill 

Preparation of Snrav Dried Gentamicin 

Sulfate Particles usino Various Blowino Aoents 

40 milliliters of the following solutions were prepared for spray drying: 

50% w/w Hydrogenated Phosphatidylcholine, E100-3 

(Lipoid KG, Ludwigshafen, Germany) 
50% w/w Gentamicin Sulfate (Amresco, Solon Ohio) 
Oeionized water. 

Blowing Agents: 

Perfiuorodecalin, FDC (Air products, Allenton PA) 
Perfluorooctyibromide, Perflubron (Atochem, Paris, France) 
Perfluorhexane, PFH (3M, St. Paul MN) 
1,1,2 trichlorotrifluoroethane, Freon 1 13 (Baxter, McGaw Park, IL) 

Hollow porous microspheres with a model hydrophilic drug, e.g., gentamicin sulfate, were prepared 
by spray drying. The blowing agent in these formulations consisted of an emulsified fluorochemical (FCj oil. 
Emulsions were prepared with the following FCs: PFH, Freon 113, Perflubron and FDC. 1.3 grams of 
hydrogenated egg phosphatidylcholine was dispersed in 25 ml deionized water using a Ultra-Turrax mixer 
(model T-251 at 8000 rpm for 2 to 5 minutes IT =• 60701. 25 grams of FC was added dropwise during mixing (T 
- 60-70®C). After the addStion was complete, the FC-in- water emulsion was mixed for a total of not less than 4 
minutes. The resulting emulsions were then further processed using an Avestin (Ottawa, Canada) high pressure 
homogenizer at 15,000 psi and 5 passes. Gentamidn sulfate was ifissaived in approximately 4 to 5 ml deionized 
water and subsequently mixed with the FC emulsion. The gentamidn powders were obtained by spray drying 
(Buchi, 191 Mini Spray Dryer). Each emulsion was fed at a rate of 2.5 mUmin. The inlet and outlet 
temperatures of the spray dryer were 85°C and 55^C respectively. The nebulization air and aspiration flows 
were 2800 L/hr and 100% respectively. 

A free flowing pale yellow dry powder was obtained for ail formulations. The yield for the various 
formulations ranged from 35 to 60%. The various gentamicin sulfate powders had a mean volume weighted 
particle diameters that ranged from 1.52 to 4.91 //m. 

IV 

Effect of Blowing Agent on the MorDholoav of 
Gentamicin Sulfate Sorav-Dried Powders 
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A strong dependence of the powder morphology, porosity, and production yield (amount of powder 
captured in the cyclone) was observed as a function of the biowing agent bdiing paint In this respect the powders 
produced in Example 111 were observed using scanning electron microscopy. Spray drying a fluorochemicai (FC) 
emulsion with a boiling point below the 55°C outlet temperature (e.g., perfluorohexane (PFH) or Freon 113), 
S yielded amorphously shaped (shriveled or deflated) powders that contained little or no pores. Whereas, 
emulsions formulated with higher boiling FCs (e.g., perflubron, perfluorodecalin, FDC) produced spherical 
porous particles. Powders produced with higher boiling blowing agents also had production yields 
approximately two times greater than powders produced using relatively low boiling point blowing agents. 
The selected blowing agents and their boiling points are shown in Table II directly below. 

10 

Table II 



Blowing Agent 


Ibp'CI 


Freon 113 


47.6 


PFH 


56 


FDC 


141 


Perflubron 


141 



Example IV illustrates that the physical characteristics of the blowing agent (i.e., boiling point) 
IS greatly influences the ability to provide perforated microparticles. A particular advantage of the present 
invention is the ability to alter the microstructure morphology and porosity by modifying the conditions and 
nature of the blowing agent. 

V 

20 Preparation of Sorav Dried Albuterol Sulfate 

Particles using Various Blowing Agents 

Approximately 185 ml of the following solutions were prepared for spray drying: 

49% wfw Hydrogenated Phosphatidylcholine, El 00-3 

(Lipoid KG, Ludwigshafen, Germany) 
25 50% wfw Albuterol Sulfate 

(Accurate Chemical, Westbury, NY) 
1 % w/w Poloxamer 188, NF grade (Mount Olive, NJ) 
Deionized water. 

30 Blovtfino Agents: 

Perfluorodecalin, FDC (Air products, Allenton PA) 
Perfluorooctylbromide, Perflubron (Atochem, Paris) 
Perfluorobutylethane F4H2 (F-Tech, Japan) 
Perfiuorotributylamine FT6A |3M, St. Paul, MN) 

35 

Albuterol sulfate powder was prepared by spray-drying technique by using a B-191 Mini Spray-Drier 
(BQchi, Rawil, Switzerland) under the following concEtions: 
Aspiration: 100% 
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Inlet temperature: SS'^C 
Outlet temperature: ere 
Feed pump: 2.5 mUmin. 
Nj flow: 47 Lfmin. 

The feed solution was prepared by mixing solutions A and B prior to spray drying. 

Solution A : Twenty grams of water was used to dissolve 1.0 grams of Albuterol sulfate and 0.021 
grams of poloxamer 188. 

Solution B represented an'emuision of a fluorocarbon in water, stabilized by a phospholipid, which 
was prepared in the following way. Hydrogenated phosphatidylcholine (1.0 grams) was homogenized in 150 
grams of hot deionized water (T - 50 to 60''C| using an Ultra-Turrex mixer (model T-251 at 8000 rpm, for 2 
to 5 minutes (T - BO-yO'C). Twenty-five grams of Perflubron {Atochem, Paris, France) was added dropwise 
during mixing. After the addition was complete, the Fluorochemical-in-water emulsion was mixed for at least 4 
minutes. The resulting emulsion was then processed using an Avestin (Ottawa, Canada) Kgh-pressure homogenizer 
at 18,000 psi and 5 passes. Solutions A and B were combined and fed into the spray dryer under the 
conditions described above. A free flowing, white powder was collected at the cyclone separator as is 
standard for this spray dryer. The albuterol sulfate powders had mean volume weighted particle diameters 
ranging from 1.28 to 2.77 //m, as determined by an Aerosizer (Amherst Process Instruments, Amherst, MA). 
By SEM, the albuterol sidfatefphosphoOpid spray dried powders were spherical and highly porous. 

Example V further demonstrates the wide variety of blowing agents that may be used to provide 
perforated micropartides. A particular advantage of the present invention is the ability to alter the 
microstructure morphology and porosity by manipulating the formulation and spray drying conditions. 
Furthermore, Example V demonstrates the particle diversity achieved by the present invention and the ability to 
effectively incorporate a wide variety of phannaceutical agents therein. 

VI 

Preoaration of Hollow Porous PVA Particles 
bv Sorav Drvino a Water-in-oil Emulsion 
100 ml of the following solutions were prepared for spray drying: 

80% wfw BiS'(2-ethylhexYl) Sulf osucdnic Sodium Salt, 

(Aerosol OT, Kodak, Rochester, NY) 
20% w/w Polyvinyl Alcohol, average molecular weight «• 30,000-70,000 

(Sigma Chemicals, St. Louis, MO) 
Cari)on Tetrachloride (Aldrich Chemicals, Milwaukee, Wl) 
Deionized water. 

Aerosol OT/polyvinyl alcohol particles were prepared by spray-drying technique using a B-191 Mini 
Spray-Drier (Buchi, Rawil, Switzeriand) under the following conditions: 
Aspiration: 85% 
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Inlet temperature: 60°C 
Outlet temperature: 43^C 
Feed pump: 7.5 mUmin. 
Nj flow: 36 Umin. 

5 

Solution A : Twenty grams of water was used to dissolve 500 milligrams of polyvinyl alcohol (PVA). 
Solution B represented en emulsion of carbon tetrachloride in water, stabilized by aerosol OT, which 
was prepared In the following way. Two grams of aerosol OT, was dispersed in 80 grams of carbon 
tetrechloride using a Ultra-Turrax mixer Imodel T-25) at 8000 rpm for 2 to 5 minutes IT - 15° to 20*'C). 

1 0 Twenty grams of 2.5% wiv PVA was added dropwise during mixing. After the ad(fition was complete, the water- 
in-oil emulsion was mixed for a total of not less than 4 minutes IT - 15° to 20°C). The resulting emulsion was then 
processed using an Avestin (Ottawa, Canada) high-pressure homogenizer at 12,000 pa and 2 passes. The emulsion 
was then fed into the spray dryer under the conditions described above. A free flowing, white powder was 
collected at the cyclone separator as is standard for this spray dryer. The Aerosol OTfPVA powder had a 

1 S mean volume weighted partide diameter of 5.28 ± 3.27 fjm as determined by an Aerosizer (Amherst Process 
Instruments, Amherst, MA). 

Example VI further demonstrates the variety of emulsion systems (here, reverse water-in-oD), 
formulations and conditions that may be used to provide perforated microparticles. A particular advantage of 
the present invention is the ability to alter formications and/or conditions to produce compositions having a 

20 microstructure with selected porosity. This principle is further illustrated in the following example. 

VII 

Preparation of Hollow Porous Polvcaorolactone 
Particles bv Sorav Drvina a Waterin>Gil Emulsion 
25 1 00 mis of the following solutions were prepared for spray drying: 

80% w/w SorUtan Monostearate, Span 60 (Aldiich Chemicals, Milwaukee, Wll 
20%w/wPoiycaprolactone, average molecular weight - 65,000 
lAldrich Chemicals, Mibvaukee, Wi) 
3 0 Carbon TetracMoiide (Aldrich Chonicals, Mflwaukee, WI) 

Deionized water. 

Span 60/pQlyc8prolactonB particles were prepared by spray-drying technique by using a B-191 Miru 

Spray-Drier (BQchi, Rawil, Switzerland) under the following conditions: 

35 Aspiration: 85% 

Inlet temperature: 50°C 
Outlet temperature: 38° C 
Feed pump: 7.5 mUmin. 
N2f)ow: 36 Umin. 

40 
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A water-in-carbon tetrachloride emulsion was prepared in the following manner. Two grams of 
Span 60, was dispersed in 80 grams of carbon tetrachloride using an Ultra Turrax mixer (model T-251 at 8000 
rpm for 2 to 5 minutes (T - 15 to 20°C). Twenty grams of deionized water was added dropwise during 
mixing. After the addition was complete, the water-in-oii emulsion was mixed for a total of not less than 4 minutes 
(T - 15 to 2G^C). The resulting emulsion was then further processed using an Avestin (Ottawa, Canada) high- 
pressure homogenizer at 12,000 psi end 2 passes. Rve hundred milligrams of polycaprolactone was added 
directly to the emulsion and, mixed until thoroughly dissolved. The emulsion was then fed into the spray dryer 
under the conditions described above. A free flowing, white powder was collected at the cyclone separator 
as is standard for this dryer. The resulting Span GOfpolycaprolactone powder had a mean volume weighted 
particle diameter of 3.15 ± 2.17 //m. Again, the present Example demonstrates the versatility the instent 
invention with regard to the feed stock used to provide the desired perforated microstructure. 



VIII 

Preparetion of hollow porous powder bv sorav drvina a oas-in-water emulsion 
The following solutions were prepared with water for injection: 
Solution 1: 

3.9% w/v m-HES hydroxyethylstarch (Ajinomoto, Tokyo, Japan) 

3.25% w/v Socfium chloride (Mallinckrodt St. Louis, MO) 
2.83% wfv Soium phosphate, dibasic (Mallinckrodt, St. Louis, MO) 
0.42% w/v Sodium phosphate, monobasic (Mallinckrodt, St. Louis, MO) 



Solution 2: 



0.45% w/v Poloxamer 1 88 (BASF, Mount Olive, NJ) 
1 .35% w/v Hydrogenated egg phosphatidylcholine, EPC-3 
[Lipoid KG, Ludwigshafen, Germany) 

The ingredients of solution 1 were dissolved in warm water using a stir plate. The surfactants in solution 2 
were dispersed in water using a high shear nuxer. The sduQ'ons were combined following emulsification and 
saturated with nitrogen prior to spray drying. 

The resulting dry, free flowing, hollow spherical product had a mean particle diameter of 2.6 ± 1.5 
/im. The particles were spherical and porous as determined by SEM. 

This example illustrates the point that a wide of blowing agents (here nitrogen) may be used to 
provide microstructures exhibiting the desired morphology. Indeed, one of the primary advantages of the 
present invention is the ability to alter formation conditions so as to preserve biological activity (i.e. with 
proteins), or to produce microstructures heving selected porosity. 



IX 

Suspension Stabilitv of Gentemicin Sulf ete Sorav-Dried Powders 
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The suspension staUKty was defined as, the resistance of powders to cream in a nonaqueous 

medium using a dynamic photosedimentation method. Each sample was suspended in Perfiubron at a 

concentration of 0.8 mg/mL The creaming rates were measured using a Horiba CAPA-700 

photosedimentation particle size analyzer (Irvine, CAI under the following conditions: 

Dlmex): 3.00 A/m 

D(min.): 0.30 /;m 

D(Div): 0.10//m 
Rotor Speed: 3000 rpm 

X: 10 mm 

The suspended particles were subjected to a centrifugal force and the absorbance of the suspension 
was measured as a function of time. A rapid decrease in the absorbance identifies a suspension with poor 
stability. Absorbance data was plotted versus time and the area under the curve was integrated between 0.1 
end 1 min., which was taken as a relative measurement of stability. Rgure 2 graphically depicts suspension 
stability as a function of PFCIPC ratio or porosity. In this case, the powder porosity was found to increase 
with increasing PFCfPC. Maximum suspension stability was observed with formulations having PFC/PC ratios 
between 3 to 15. For the most part, these formulations appeared staUe for periods greater than 30 minutes 
using visual inspection techniques. At points beyond this ratio, the suspensions flocctilated rapidly indicating 
decreased stability. Similar results were observed using the cream layer ratio method, where it was observed 
that suspensions with PFC/PC ratios between 3 to 15 had a reduced cream layer thickness, indicating 
favorable suspension stability. 

X 

Preparation of Hollow Porous Particles of Albuterol Sulfate bv Sprav-Drvinq 
Hollow porous albuterol sulfate particles were prepared by a spray-drying technique with a B-191 
Mini Spray-Drier (Buchi, Flawil, Switzerland) under the following spray conditions: aspiration: 100%, inlet 
temperature: 85°C; outlet temperature: OrC; feed pump: 10%; flow: 2,800 L/hr. The feed solution was 
prepared by mixing two solutions A and 6 immediately prior to spray drying. 

Solution A: 20g of water was used to dissolve 1g of albuterol sulfate (Accurate Chemical, 
Westbury, NY) and 0.021 g of poloxamer 188 NF grade (BASF, Mount Olive, NJ). 

Solution B: A fluorocarbon-in-water emulsion stabilized by phospholipid was prepared in the 
following manner. The phospholipid, 1g EPC-100-3 (Lipoid KG, Ludwigshafen, Germany), was homogenized in 
150g of hot deionized water (T - 50 to BO^C) using an Ultra-Turrax mixer (model T-25) at 8000 rpm for 2 to 
5 minutes (T - 60-70^0. 25g of perfluorooctyt bromide (Atochem, Paris, France) was added dropwise during 
mixing. After the lluorocarbon was added, the emulsion was mixed for a period of not less than 4 minutes. The 
resulting coarse emulsion was then passed through a Ngh pressure homogenizer (Avestirv Ottawa, Canada) at 
18,000 psi for 5 passes. 
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Solutions A and B were combined and fed into the spray-dryer under the conditions described above. 
A free flowing, white powder was collected at the cyclone separator. The hollow porous albuterol sulfate 
particles had a volume weighted mean aerodynamic diameter of 1.18 ± 1.42 as determined by a time*of- 
flight analytical method (Aerosizer, Amherst Process Instruments, Amherst, MA). Scanning electron nracroscopy • 
(SEMI analysis showed the powders to be spherical and highly porous. The tap density of the pow&r was 
determined to be less than 0.1 gfcml 

This foregoing example serves to illustrate the inherent diversity of the present invention as a drug delivery 
platform capable of effectively incorporating any one of a number of phamiaceutical agents. The principle is further 
illustrated in the next example. 

XI 

Preparation of Hollow Porous Particles of BDP bv Sorav-Drvino 
Perforated microstructures comprising bedomethasone dipropionate (BDP) particles were prepared 
by a spray-drying technique with a B-191 Mini Spray-Drier (Buchi, Rawil, Switzerland) under the following 
spray conditions: aspiration: 100%, inlet temperature: 85°C; outlet tonperature: OrC; feed pump: 10%; Nj 
flow: 2,800 L/hr. The feed stock was prepared by mixing 0.1 1g of lactose with a fluorocarbon-in-water 
emulsion immediately prior to spray drying. The emulsion was prepared by the technique described below. 

74 mg of BDP (Sigma, Chemical Co., St. Louis, MO), 0.5g of EPC-100-3 (Lipoid KG, Ludwigshafen, 
Germany), 15mg sodium oleate (Sigma), and 7mg of poloxamer 188 (BASF, Mount Olive, NJ) were dissolved 
in 2 ml of hot methanol. The methanol was then evaporated to obtain a thin film of the phospholipidlsteroid 
mixture. The phospholipidlsteroid mixture was then dispersed in 64g of hot deionized water (T - 50 to 60^C) 
using an Ultra-Turrax mixer (model T-25) at 8000 rpm for 2 to 5 minutes (T - 60-70'C). 8 g of perflubron 
(Atochem, Paris, France) was added dropwise during mixing. After the ad(fition was complete, the emulsion was 
mixed for an addtional period of not less than 4 minutes. The resulting coarse emulsion was then passed through a 
high pressure homogenizer (Avestin, Ottawa, Canada) at 18,000 psi for 5 passes. This emulsion was then used to 
form the feed stock vvhich was spray dried es described above. A free flowing, white powder was collected at 
the cyclone separator. The hollow porous BDP particles had a tap density of less than 0.1 glcml 

X!l 

Preparation of Hollow Porous Particles of Cromolvn Sodium bv SDrav-DrvinQ 
Perforated microstructures comprising cromolyn sodium were prepared by a spray-drying technique 
with a B-191 Mini Spray-Drier (Buchi, Flawil, Switzerland) under the following spray conditions: aspiration: 
100%, inlet temperature: 85**C; outlet temperature: BrC; feed pump: 10%; flow: 2,800 L/hr. The feed 
solution was prepered by mixing two solutions A and B immediately prior to spray drying. 
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Solution A: 20g of water was used to dissolve 1g of cromolyn sodium (Sigma Chemicsl Co, St. Louis, 
MOI and 0.021 g of poloxamer 188 NF grade (BASF, Mount Olive, NJ|. 

Solution B: A fluorocarbon-in-water emulsion stabilized by phospholipid was prepared in the 
following manner. The phospholipid, 1g EPC-1Q0-3 (Lipoid KG, Ludwigshafen, Germany), was homogenized in 
1 50g of hot deionized water IT - 50 to 60"* C) using an Ultra-Turrax mixer (model T-251 at 8000 rpm for 2 to 
5 minutes (T - 80-70°C|. 27g of perfluorodecelin (Air Products, Allentown, PAI was added dropwise during 
mixing. After the fluorocarbon was addei the emulaon was mixed for et least 4 minutes. The resulting coarse 
emulaon was then pessed through a high pressure homogenizer (Avestin, Ottawa, Canada) et 18,000 psi for 5 
posses. 

Solutions A and B were combined and fed into the spray dryer under the conditions described above. 
A free flowing, pale yellow powder was collected at the cyclone separator. The hollow porous cromolyn 
sotfium particles had a volume-weighted mean aerodynamic diameter of 1.23 ± 1.31 jjm es determined by a 
time-of-flight analytical method (Aerosizer, Amherist Process Instruments, Amherst, MA). As shown in Rg. 3, 
scanning electron necroscopy (SEM) analysis showed the powders to be both hollow and porous. The tap density of 
the powder was detemtined to be less than 0.1 g/cm\ 

XIII 

Preparation of Hollow Porous Particles of DNase I bv Sprav-Drvinq 

Hollow porous DNase I particles were prepared by a spray drying technique with a 8-191 Mini 
Spray-Drier (Buchi, Rawil, Switzerland) under the following conditions: aspiration: 100%, inlet temperature: 
80'C; outlet temperature: 6rC; feed pump: 10%; N2 flow: 2,800 LIhr. The feed was prepared by mixing two 
solutions A and B immediately prior to spray drying. 

Solution A: 20g of water was used to dissolve 0.5gr of human pancreas DNase I (Calbiocham, San 
Diego CAI and 0.01 2g of poloxamer 188 NF grade (BASF, Mount Olive, NJ). 

Solution B: A fluorocarbon-in-water emulsion stabilized by phospholipid was prepared in the 
following way. The phospholipid, 0.52g EPC-100-3 (Lipoid KG, Ludwigshafen, Germany), was homogenized in 
87g of hot deionized water (T - 50 to eO°C) using an Ultra-Turrax mixer Imodel T-25) at 8000 rpm for 2 to 5 
minutes (T - 60-70^0). 13g of perflubron (Atochem, Peris, France) was added dropv\n5e during mixing. After 
the fiuorocartion was added, the emulsion was mixed for at least 4 minutes. The resulting coarse emulaon was then 
passed through a high pressure homogenizer (Avestin, Ottawa, Canada) at 18,000 psi for 5 passes. 

Solutions A and B were combined and fed into the spray dryer under the conditions described above. 
A free flowing, pale yellow powder was collected at the cyclone separator. The hollow porous DNase 1 
particles had a volume-weighted mean aerodynamic diameter of 1.29 ± 1.40 //m as determined by a time-of- 
flight analytical method (Aerosizer, Amherst Process Instruments, Amherst, MA). Scanning electron 
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microscopy (SEMI analysis showed the powders to be both boliow and parous. The tap density of the powder was 
determined to be less than 0.1 g/cml 

The foregoing example further iOustrates the extraordinary compatiUiity of the present invention with a 
variety of bioactive agents. That is, in addition to relatively small, hardy compounds such as steroids, the 
S preparations of the present invention may be forniulated to effectively incorporate larger, fragile molecules such as 
proteins and genetic material. 

XiV 

Preparation of Perforated Ink Polymeric Particles bv Sorav Drvino. 
10 In the following hypothetical example, finely-divided porous spherical resin particles which may 

contain coloring material such as a pigment, a dye, etc. are fomted using the following formulation in 
accordance with the teachings herein: 

Formulation: 

IS Butadiene 7.5 g co-monomer 

Styrene 2.5 g co-monomer 

Water 18.0 g carrier 

Fatty Acid Soap 0.5 g emuisifier 

n-Dodecyl Mercaptan 0.050 g motfifier 

20 potassium persulfate 0.030 g initiator 

carbon Black 0.50 g pigment 

The reaction is allowed to proceed at 50^C for 8 hours. The reaction is then temiinated by spray 

25 drying the emulsion using a high pressure liquid chromatography (HPLC) pump. The emulsion is pumped 

through a 200 x 0.030 inch i.d. stainless steel tubing into a Niro atomizer portable spray dryer (Niro Atomize, 

Copenhagen, Denmark) equipped with a two fluid nozzle (0.01" i.d.) employing the following settings: 

Hot air flow rate: 39.5 CFM 

Inlet air temp.: IBO^'C 
30 Outlet air temperature: 80°C 

Atomizer nitrogen flow: 45 L/min, 1,800 psi 
Liquid feed rete: 33 mUmin 

It will be appreciated that unreacted monomers serve as blowing agents, creating the perforated 
35 microstructure. The described formulation and conditions yield free flowing porous polymeric particles 
ranging from 0.M00//m that may be used in ink fomiulations. In accordance with the teachings herein the 
microparticles have the advantage of incorporating the pigment directly into the polymeric matrix. The 
process allows for the production of different particle sizes by modifying the components and the spray 
drying conditions with the pigment particle diameter largely dictated by the diameter of the copolymer resin 
40 particles. 
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XV 

Andersen (mpactor Test for Assessing MDI and DPI Performance 
The MDls and DPIs were tested using commonly accepted pharmaceutical procedures. The method 
utilized was compliant with the United State Pharmacopeia (USP) procedure (Pharmacopeia! Previews 11996) 
S 22:3065-3098) incorporated herein by reference. After 5 shots to waste, 20 shots from the test MDI were 
made into an Andersen Impactor. The number of shots employed for assessing the DPI formulations was 
dictated by the drug concentration and ranged from 10 to 20 actuations. 

Extraction procedure. The extraction from all the plates, induction port, and actuator were 
performed in closed vials with 10 mL of a suitable solvent. The filter was installed but not assayed, because 

10 the poiyacrylic binder interfered with the analysis. The mass balance and particle size distribution trends 
indicated that the deposition on the filter was negligibly small. Methanol was used for extraction of 
beciomethasone dipropionate. Deionized water was used for albuterol sulfate, and cromolyn sodium. For 
albuterol MDls, 0.5 ml of 1 N sodium hydroxide was added to the plate extract which was used to convert 
the albuterol into the phenoiate form. 

15 Quantitation procedure. All drugs were quantitated by absorption spectroscopy (Beckman DU640 

spectrophotometer) relative to an external standard curve with the extraction solvent as the blank. 
Beciomethasone dipropionate was quantitated by measuring the absorption of the plate extracts at 238 nm 
Albuterol MDls were quantified by measuring the absorption of the extracts at 243 nm, while cromolyn 
sodium was quantitated using the absorption peak at 326 nm. 

20 Calculation procedure. For each MDI, the mass of the drug in the stem (component -31 actuator {• 

2), induction port (-1) and plates (0-7) were quantified as described above. Stages -3 and -2 were not 
quantified for the DPI since this device was only a prototype. The main interest was to assess the 
aerodynamic properties of the powder which leaves this device. The Fine Particle Dose and Fine Particle 
Fraction was calculated according to the USP method referenced above. Throat deposition was defined as 

25 the mass of drug found in the induction port and on plates 0 and 1. The mean mass aerodynamic diameters 
IMMAD) and geometric standard diameters (GSD) were evaluated by fitting the experimental cumulative 
function with log-normal distribution by using two<parameter fitting routine. The results of these experiments 
are presented in subsequent examples. 

30 XVI 

Preparation of Metered Dose Inhalers Containing Hollow Porous Particles 
A pre-weighed amount of the hallow porous particles prepared in Examples 1, X, XL and XII were 
placed Into 10 ml aluminum cans, and dried in a vacuum oven under the flow of nitrogen for 3 - 4 hours at 
40'C. The amount' of powder filled into the can was determined by the amount of drug required for 
35 therapeutic effect. After this, the can was crimp sealed using a DF31/50act 50 I valve (Valois of America, 
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Greenwich, CT| and filled with HFA-134a IDuPont, Wilmington, DEI propellant by overpressure through the 
stem. The amount of the propellant in the can was determined by weighing the can before and after the fill. 

XVII 

5 Effect of Powder Porosity on MDI Performance 

In order to examine the effect powder porosity has upon the suspension stability and aerodynamic 
diameter, MDIs were prepared as in Example XVI with various preparations of perforated microstructures 
comprising gentamicin formulations as described in Example 1. MDIs containing 0.48 wt % spray dried 
powders in HFA 134a ware studied. As set forth in Example I, the spray dried powders exhibit varying 
1 0 porosity. The formulations were filled in clear glass vials to allow for visual examination. 

A strong dependence of the suspension stability and mean volume weighted aerodynamic diameter was 
observed as a function of PFCfPC ratio andlor porosity. The volume weighted mean aerodynamic (fiameter 
(VMADI decreased and suspension stabiGty increased with increasing porosity. The powders that appeered 
solid and smooth by SEM and TEM techniques had the worst suspension stability and largest mean 
15 aerodynamic diameter. MDIs which were formulated with Nghly porous and hollow perforated 
microstructures had the greatest resistance to creaming and the smallest aerodynamic diameters. The 
measured VM AD values for the dry powders produced in Example i are shown in Table ill immediately below. 

Table III 

20 



PFC/PC 


Powder VMAD, 


0 


6.1 


1.1 


5.9 


2.2 


6.4 


4.8 


3.9 


18.8 


2.6 


44.7 


1.8 



XVIII 

Comparison of Creamino Rates in Cromolyn Sodium Formulations 
25 A comparison of the creaming rates of the commercial Intel formulation (Rhone-Poulenc Rorerl and 

spray-dried hollow porous particles formulated in HFA'134a according to Example XII (i.e. see Fig. 3j is shown 
in Figures. 4A to 4D. In each of the pictures, taken at 0 seconds, 30 seconds, 60 seconds and two hours 
after shaking, the commercial formulation is on the left and the perforated microstructure dispersion formed 
accordance with the present invention is on the right. Whereas the commercial Intel formuiation shows 
30 creaming within 30 seconds of mixing, aimost no creaming is noted in the spray-dried particles after 2 hours. 
Moreover, there was little creaming in perforated microstructure formulation after 4 hours (not shown). This 
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example clearly illustrates the balance in density which can be achieved whan the hollow porous particles are 
filled with the suspension medium (i.e. in the formation of a homodispersionl. 

XIX 

5 Andersen Cascade Imoactor Results for Cromolyn Sodium MDI Formulations 

The results of cascade impactor tests for a commerdaily available product llntal*, Rhone PouIenc 
Rorer) end an analogous spray-dried hollow porous powder in MFA*134a prepared according to Examples XII 
and XVI are shown below in Table IV. The tests were performed using the protocol set forth in Example XV. 



10 Table IV 



Cromolyn Sodium MDls 




MMAD 
(GSD) 


Throat 
Deposition, 


Fine particle fraction, 
% 


Fine Particle Dose, 
9 


Intar.CFC In - 4) 
(Rhone Poulenc) 
800 //g dose 


4.7 ± 0.5 
(1.9 ±0.061 


629 


24.3 ±2.1 


202 ±27 


Spray dried hollow porous 
powder, KFA 
(Alliance! (n-*3) 
300 A/g dose 


3.4 ± 0.2 
(2.0 ± 0.3) 


97 


67.315.5 


200±11 



The MDI formulated with perforated microstructures was found to have superior aerosol 
perfonnance compared with Intar. At a comparable fine perticle dose, the spray dried cromolyn formidations 
possessed e substantially higher fine particle fraction C 67%), and significantly decreased throat deposition 
1 S (6-fold), along with a smaller MMAD value, it is important to note that the effective delivery provided for by 
the present invention allowed for a fine particle dose that was approximately the same as the prior art 
commercial formulation even though the amount of perforated microstructures administered (300 /yg) was 
roughly a third of the Intel* dose administered (800 //g). 

20 XX 

Comparison of Andersen Cascade Impactor Results for 
Albuterol Sulfate MicrosDheres Delivered From DPIs and MDIs 

The in vitro aerodynamic properties of hollow porous albuterol sulfate microspheres as prepared in 

Example X was characterized using an Andersen Mark II Cascade Impactor (Andersen Sampler, Atlanta, GA) 

25 and an Amherst Aerosizer (Amherst Instruments, Amherst MA). 

DPI testing. Approximately, 300mcg of spray-dried microspheres was loaded into a proprietary 

inhalation device. Activation and subsequent plume generation of the dry powder was achieved by the 

actuation of 50 fj\ of pressurized HFA 134a through a long induction tube. The pressurized HFA 134a forced 

air through the induction tube toward the sample chamber, and subsequently aerosolized a plume of dry 
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powder into the air. The dry powder plume was then taken in the cascade impactor by means of the air flow 
through drawn through the testing device. A single actuation was discharged Into the aerosizer sample 
chamber for particle size enalysis. Ten actuations were discharged from the device into the impactor. A 30 
second interval was used between each actuation. The results were quantitated as described in Example XV. 

5 

MDI testing. A MDI preparation of albuterol sulfate microspheres was prepared as in Example XVL 
A single actuation was discharged into the aerosizer sample chamber for particle size analysis. Twenty 
actuations were discharged from the device into the impector. A 30 second interval was used between each 
actuation. Agaia the results were quantitated as described in Example XV. 
10 The results comparing the particle size analysis of the neat albuterol sulfate powder and the 

albuterol sulfate powder discharged from either a DPI or MOt are shown in Table V below. The albuterol 
sulfate powder delivered from the DPI was indistinguishable from the neat powder which indicates that little 
or no aggregation had occurred during actuation. On the other hand, some aggregation was observed using 
an MOi as evidenced by the larger aerodynamic diameter of particles delivered from the device. 

15 

Table V 



Sample 


Meen Size ipm) 


% under 5.4 //m 


95% under ipm) 


Neat powder 


1.2 


100 


2.0 


MDI 


2.4 


96.0 


5.1 


DPI 


1.1 


100 


1.8 



Similar results were observed when comparing the two dosage forms using an Andersen Cascade 
20 Impactor (Figure 5). The spray-dried albuterol sulfate powder delivered from the DPI had enhanced deep lung 
deposition end mirnmized throat deposition when compared with the MDI. The MDI formulation had a fine 
particle fraction |FPF| of 79% and a fine particle dose (FPD) of 77 //glactuation, while the DPI had a FPF of 
87% and a FPD of 100//gl actuation. 

Figure 5 and the Example above exemplifies the excellent flow and aerodynamic properties of the 
25 herein described spray-dried powders delivered from a DPI. Indeed, one of the primary advantages of the 
present invention is the ability to produce small aerodynamically light particles which aerosolize with ease and 
which have excellent inhalation properties. These powders have the unique properties which enable them to 
be effectively and efficiently delivered from either a MDI or DPI. This principle is further illustrated in the next 
Example. 

30 

XXI 

Comparison of Andersen Cascade Impactor Results for 
Bedomethasona Dipropionate Microspheres Delivered From DPIs and MDls 

-61- 



wo 99/16419 



PCT/US98/20602 



The in vitro aerodynamic properties of hollow porous beclomethasone dipropionate (BDP) 
microspheres as prepared in Example XI was characterized using an Andersen Mark II Cascade Impactor 
(Andersen Sampler, Atlanta, 6AI and an Amherst Aerosizer (Amharst Instruments, Amherst, MA). 

DPI testing. Approximately, 300iug of spray-dried microspheres was loaded into a proprietary 
inhalation device. Activation and subsequent plume generation of the dry powder was achieved by the 
actuation of 50 of pressurized HFA 134a through a long induction tube. The pressurized HFA 134a forced 
air through the induction tube toward the sample chamber, and subsequently aerosolized a plume of dry 
powder Into the air. The dry powder plume was then taken In the cascade impactor by means of the air flow 
through drawn through the testing device. A single actuation was discharged into the aerosizer sample 
chamber for particle size analysis. Twenty actuations were discharged from the device into the impactor. A 
30 second interval was used between each actuation. 

MDl testing. A MDt preparation of beclomethasone dipropionate (BDP) microspheres was prepared 
as in Example XVI. A single actuation was dscharged into the aerosizer sample chamber for particle size 
analysis. Twenty actuations were discharged from the device into the impactor. A 30 second interval was 
used between each actuation. 

The results comparing the particle size analysis of the neat BDP powder and the BDP powder 
discharged from either a DPI or MDl are shown in Table VI immediately below. 

labia Vi 



Sample 


Mean Size (//ml 


% under %Apm 


95% under lium) 


Neat powder 


1.3 


100 


2.1 


MDl 


2.2 


98.1 


4.6 


DPI 


1.2 


gg.8 


2.2 



As with Example XX, the BDP powder delivered from the DPI was indistinguishable from the neat 
powder which indicates that little or no aggregation had occurred during actuation. On the other hand, some 
aggregation was observed using an MDl as evidenced by the larger aerodynamic diameter of particles 
delivered from the device. 

The spray-dried BDP powder delivered from the DPI had enhanced deep lung deposition and 
minimized throat deposition when compared with the MDl. The MDl formulation had a fine particle fraction 
(FPR of 79% and a fine particle dose (FPD) of 77 //glactuation, while the DPI had a FPF of 87% and a FPD of 
100;yg/ actuation. 

This foregoing example serves to illustrate the inherent diversity of the present invention as a drug 
delivery platform capable of effectively incorporating any one of a number of pharmaceutical agents and 
effectively delivered, from various types of delivery devices (here MDl and DPI) currently used in the 
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pharmaceutical arena. The excellent flow and aerodynamic properties of the dry powders shown In the 
proceeding examples is further exemplified in the next example. 

XXI! 

Comparison of Andersen Cascade impactor Results for 
Albuterol Sulfate Microspheres and Ventolin Rotacaps*" from a Rotahaler * Device 

The follovving procedure was followed to compare the inhalation properties of Ventolin Rotocaps'' (a 
commercially available fonnulation) vs. albuterol sulfate hollow porous microspheres formed in accordance 
with the present invention. Both prepartions were discharged from a Rotohaler" device into an 8 stage 
Andersen Mark II cascade impactor operated at a flow of BOL/min. Preparation of the albuterol sulfate 
microspheres is described in Example X with albuterol sulfate deposition in the cascade impactor analyzed as 
described in Exemple XV. Approximately 300 //g of albuterol sulfate microspheres were manually loaded into 
empty Ventolin Rotocap' gelatin capsules. The procedure described in the package insert for loading and 
actuating drug capsules with a Rotohaler^ device was followed. Ten actuations were discharged from the 
device into the impactor. A 30 second interval was used between each actuation. 

The results comparing the cascade impactor analysis of Ventolin Rotocaps'' and hollow porous 
albuterol sulfate microspheres discharged from e Rotohaler"" device are shown in Table VI immediately below. 



Table VII 



Sample 


MMAD 


Fine Particle Frection 


Fine Particle Dose 




(GSD) 


% 


imcg/dose) 


Ventolin Rotacaps''ln-2| 


7.869 
(1.6064) 


20 


15 


Albuterol Sulfate 


4.822 


63 


60 


Microspheres In - 3) 


(1.00821 







The hollow porous albuterol sulfate powder delivered from the Rotohater"^ device had a significantly 
higher fine particle fraction (3- fold) and a smaller MMAD value as compared with Ventolin Rotocaps*. In this 
regard, the commercially available Ventolin Rotocap*' formulation had a fine particle fraction (FPF) of 20% and 
a fine particle dose (FPD) of ISA/glactuation, whereas the hdiow porous albuterol sulfate microspheres had a 
FPF of 63% and a FPD of BOjjql actuation. 

The example above exemplifies the excellent flow and aerodynamic properties of the spray-dried 
powders delivered from a Rotahaler*^ device. Moreover, this example demonstrates that fine powders can be 
effectively delivered without carrier particles. 

XXIII 

Nebulization of Porous Particulate Structures Comprisino 
Phospholipids and Cromolyn sodium in Perfiuorooctvlethana 
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using a MicroMist Nebulizer 
Forty milligrams of the Opid based microspheres containing 60% cromolyn sodium by weight (as from 
Example XIII were dispersed In 10 ml perfiuorooctylethane (PFOEI by shaking, forming a suspensoa The suspension 
was nebiiized untH the fluorocarbon Gqtid was delivered or had evaporated using a MicroMist (DeVSbiss) isposable 
nebulizer using a PuimoAide* m compressor (DeVlbiss). As described above in Example XV, an Andersen Cascade 
Impactor was used to measure the restiting partide size distnliution. More specifically, cromolyn sodium content 
was measured by UV adsorption at 326nm. The fine particle fraction is the ratio of particles deposited in stages 2 
through 7 to those deposited in all stages of the impactor. The fine particle mass is the weight of material deposited 
in stages 2 through 7. The deep lung fraction is the ratio of particles deposited in stages 5 through 7 of the impactor 
(wKch correlate to the alveoli) to those deposited in all stages. The deep lung mass is the weight of material 
deposited in stages 5 through 7. Table Vit! immediately below provides a summary of the results. 



Table VIII 



Hne particle frection 


fine partide mass 


dap lung fraction 


drap lung mass 


90% 


6mg 


75% 


5mg 



XXIV 

Webulizetion of Porous Particulate Structures ComorisinQ 
PhosDholiaids and Cromolyn Sodium in Perfluorooctvlethane 
using a Raindrop* Nebulizer 
A quantity of fipid based nncrospheres containing 50% cromolyn sodium, as from Example XII weghing 40 
mg was dispersed in 10 ml perfiuorooctylethane (PFOEI by shaking, thereby fanning a suspension. The suspension 
was nebdized until the fluorocarbon liquid was delhrered or had evaporated using a Raindrop* dsposabie nebulizer 
(Ndlcor Puritan Bennetl connected to e PuimoAide* eir compressor (DeViibiss). An Andersen Cascade Impactor was 
used to measure the restating partide size distribution in the manner described in Examples XV and XXIIl. Table IX 
immediately below provides a summary of the resdts. 



Table IX 



Fine partide fraction 


fine partide mass 


Deep lung fraction 


deep lung mass 


90% 


4mg 


80% 


3mg 



XXV 

Nebuliiation of Aqueous Cromolyn Sodium Solutipn 
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The contents of plastic vial containing a unit dose inhalation solution of 20 mg of cronolyn sodium in 2 ml 
purified water (Dey Laboratories) was nebuGzed using a MicroMist disposable nebdizer (DeVilbiss) using a PdmoAide* 
air compressor (DaVilbissl. The cromoiyn sodium solution was nebulized for 30 minutes. An Andersen Cescade 
Impactor was used to measure the resulting size distribution of the nebuTized particles, by the method described 
S above in Example XV. TeUe X immediately below provides a summary of the results. 



Table X 



fine particle fraction 


fine pertide mass 


Deep lung fraction 


Deep lung mass 


80% 


7mg 


60% 


5mg 



With regard to the instant results, it will be appreciated that, the fornidations nebdized from fluorocarbon 
suspension mediums in Examples XXIII and XXIV provided a greater percentage of deep lung deposition than the 

10 aqueous solution. Such high deposition rates deep in the lung is particdariy desirable when delivering agents to the 
systemic drcuiation of a patient 

Those skilled in the art will further appreciate that the present invention may be emboded in other specific 
forms without departing from the spirit or centra! attributes thereof. In that the foregoing description of the present 
invention dsdoses only exemplary embodiments thereof, it is to be understood that other variations are 

1 5 contemplated as bang within the scope of the present invention. Accordingly, the present invention is not limited to 
the particiiar embodiments which have been described in detail herein. Rather, reference should be made to the 
appended claims as indicative of the scope and content of the invention. 
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1. Use of a bioBctive agent In the manufacture of a medicamant for pulmonary delivery whereby 
the medicament comprises a plurality of perforated microstructures which are aerosolized using an inhalation device 

5 to provide aerosolized medcament comprising said bioactive agent wherein said aerosolized medcament is in a fomi 
for administration to at least a portion of the nasal or pubnonary air passages of a patient in need thereof. 

2. The use of claim 1 wherein sad inhalation device comprises a metered dose inhaler, a dry 
powder inhaler or a nebulizer. 

3. The use of claim 1 wherein said perforated microstmctures are in the form of a dry powder. 

10 4. The use of clann 1 wherein said perforated microstructures are dispersed in a nonaqueous 

suspension medium. 

5. The use of any of claims 1 to 4 wherein said perforated nucrastructures comprise a surfactant. 

6. The use of daim 5 wheiem said surfrctant is selected from the group consisting of 
phospholipids, noniontc detergents, nonionic block copolymers, ionic surfectants, biocompatible fluorinated 

1 S surfactants and combinations thereof. 

7. The use of claims 5 or 6 wherein said surfactant is a phosphoHiNd. 

8. The use of claim 7 wherein said phospholipid is selected from the group consisting of 
dilauroylphosphatidylchDline, doleylphosphatidylcholine, dipalmitoylphosphatidylcholine, 
disteroylphosphetidylcholine, dibehenoylphosphatidyl-choline, diarachidoylphosphatidylcholine and 

20 combinations thereof. 

9. The use of any of claims 1 to 8 wherein the mean aerodynamic diameter of the perforated 
microstructures is between 0.5 and 5 /mi. 

10. The use of any of claims 1 to 9 wherein said perforated microstructures have a bulk 
density of less than about 0.5 g/cm\ 

25 11. The use of any of claims 1 to 10 wherein said perforeted microstructures have a mean 

geometric diameter of less than about 5 //m. 

12. The use of any of daims 1 to 11 wheran said bioactive agent is selected from the group 
consisting of antiallergics, bronchodlators, pulmonary lung surfactants, analgesics, antilsotics, leukotriene inNbitors 
or antagonists, antihistamines, antiinflammatories, antineoplastics, anticholinergics, anesthetics, anti-tuberculars, 

30 imaging agents, cardiovascular agents, enzymes, steroids, genetic material, viral vectors, antisense agents, proteins, 
peptides and combinations thereof. 

1 3. A method for f onning a perforated microstnjcture comprising the steps of: 
providng a liquid feed stock comprising an active agent; 

atomizing sad liquid feed stock to produce dspersed liquid droplets; 
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drying said Gquid droplets under predetermined conditions to fonn perforated nricrostructures comprising 
said active agent; end 

collecting said perforated microstmctures. 

1 4. The method of daim 1 3 wherein said feed stock comprises a Uovuing agent. 
5 1 5. The method of daim 14 vuherdn said blowing agent comprises s nonfluorinated oil. 

1 6. The method of daim 1 4 wherein said blowing agent comprises a fluwinated compound. 

17. The method of daim 16 wherein sad fluoiinated blowing agent has a boiling point greater than 
about 60''C. 

1 8. The method of any of daims 1 3 to 1 7 wherein said feed stock comprises a colloidal system. 
10 19. The method of any of daims 1 3 to 1 8 wherein said feed stock comprises a surfactant. 

20. The method of daom 19 wherein said surfactant is selected from the group consisting of 
phosphdipids, nonionic detergents, nonionic block copolymers, ionic surfactants, biocompatible fluorinated 
surfactants and combinations thereof. 

21 . The method of ddm 1 9 or 20 wherein said surfactant is a phosphdipid. 

1 5 22. The method of daim 21 wherein said phospholipid is sdected from the group consisting of 

diiauroylphosphatidylcholina, dideylphosphatidylchdine, dipalmitoylphosphatidylchdine, 

disteroylphosphetidylchdine dibehenoylphosphatidylchdine, diarachidoyiphosphatidylchdine and combinations 
thereof. 

23. The method of any of daims 13 to 22 wherein said cdlected perforated microstructures 
20 comprise hdlow porous microspheres. 

24. The method of any of daims 13 to 23 wherein the mean aerodynamic diameter of said 
collected perforated microstructures is between 0.5 and 5 fjm. 

25. The method of any of daims 13 to 24 wherein said perforated microstructures have a 
mean geometric diameter of less than about 5 pm, 

25 26. The method of any of daims 13 to 25 wherein said active agent comprises a bioactive 

agent. 

27. The method d^m 26 wherein said bioactive agent is selected from the group consisting of 
antiallergics, bronchotfilators, pulmonary lung surfactants, analgesics, antibiotics, leukotriene inhibitors or 
antagonists, antihistamines, antiinfiammatories, antineoplastics, anticholinergics, anesthetics, anti-tubercuiars, 

30 imaging agents, cardiovascular agents, enzymes, steroids, genetic material, viral vectors, antisensa agents, proteins, 
peptides and combinations thereof. 

28. The method of any of daims 13 to 27 wherein said atomization step is accomplished using a 
spray dryer. 

29. A perforated microstructura fonned according to any one of daims 13 to 28. 
35 30. A method for increasing the dspersibility of a powder comprising the steps of: 
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providing a liqud feed stock comprising an active agent; and 

spray drying said Gqud feed stock to produce a perforated microstmcture powder having a bulk 
density of less than about 0.5 glcm' wherein sad powder exhibits reduced van der Weals attractive forces when 
compared to a relatively non-porous powder of the same composition. 
S 31 . The method of daim 30 wheren said Equid feed stock comprises a blovring agent 

32. The method of daim 31 wherein said blowing agent comprises a nonfluorinated oD. 

33. The method of daim 31 wherein said Uowing agent comprises a fluorinated compound. 

34. The method of daim 33 wherein said fluorinated compound has a bdEng point of greater than 
about 60''C. 

1 0 35. The method of any of claims 30 to 34 wherein sad feed stock comprises a surfactant. 

36. The method of daim 35 wheran ssid surfectant is selected from the group consisting of 
phospholipids^ nonionic detergents, nonionic block copolymers, ionic surfactants, Uocompatible fluorinated 
surfactants and combinations thereof. 

37. The method of daim 35 or 36 wherein said surfactant is a phospholipid. 

1 5 38. The method of daim 37 wherein said phospholipid is selected from the group consisting of 

dilauroylphosphatidylcholine, dideytphosphatidylcholine, dipalmitoylphosphatidyicholine, 

disteroylphosphatidylcholine dibehenoylphosphatidylchdinor diarachidoylphosphatidylcholine and combinations 
thereof. 

39. The method of any of daims 30 to 38 wherein said perforated microstructures compnse hdlow 
20 porous microspheres. 

40. The method of any of claims 30 to 39 wherein said active agent comprises a bloactive agent. 

41. The method daim 40 wherein said faioactive agent is selected from the group consisting of 
antiaOergics, bronchodlators, pdmonary lung surfactants, analgesics, antiUotics, leukotriene inhibitors or 
antagonists, antihistamines, antonfiammatories, antineoplastics, anticholinergics, anesthetics, antitubercuiars, 

25 imaging agents, cardiovascular agents, enzymes, steroids, genetic material, viral vectors; antisense agents, proteins, 
peptides and combinations thereof. 

42. A perforated microstructure powder fomied eccordng to any one of daims 30 to 41 . 

43. A powder having increased (fispersibifitY comprising a piuraOty of perforated microstructures 
having a bulk density of less than about 0.5 g/cm^ wherein said perforated microstructure powder comprises an 

30 active agent. 

44. The powder of daim 43 wherein said powder comprises hollow porous microspheres. 

45. The powder of daims 43 or 44 wherein the mean aerodynamic diameter of said perforated 
microstructures is between 0.5 and bfjm, 

46. The powder of any of daims 43 to 45 wherein said perforated microstructures have a 
35 mean geometric diameter of less than about 5 fm. 
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47. The powder of any of daiins 43 to 46 wherein said perforated nucrostructures comprise a 
surfactant 

48. The powder of daim 47 wherein said surfactant Is selected from the group consisting of 
phospholipids, nonionic detergents, nonionic block copolymers, ionic surfactants, biocompatible fluorinated 
surfactants and combinations thereof. 

48. The powder of claim 47 or 48 wherein said surfactant is a phospholipid. 

50. The powder of claim 49 wherein said phospholipid is selected from the group consisting of 
dilauroylphosphatidylcholine, dideylphosphatidylchQline, dipalmitoylphosphatidylcholine, 
disteroylphosphatidylcholine dibehenoylphosphatidylcholine, diarachidoylphosphatidylcholine and combinations 
thereof. 

51. The powder of daim any of daims 43 to SO wherein said active agent is a bioactive agent. 

52. The powder of daim 51 wherein said bioactive agent is selected from the group consisting 
of antiailergics, bronchodlators, pulmonary lung surfactants, analgesics, antibiotics, leukotriene inhiUtors or 
antagonists, antihistamines, antiinflammatories, antineoplastics, anticholinergics, anesthetics, anti- 
tuberculars, imaging agents, cardiovascular agents, enzymes, steroids, genetic material, viral vectors, 
antisense agents, proteins, peptides and combinations thereof. 

53. An inhalation system for the pulmonary administration of a bioactive agent to a patient 
comprising: 

an inhalation device compriang a reservoir end 

a powder in said reservoir wherein said powder comprises a piurdity of perforated 
microstructures having a bulk density of less than about 0.5 glcm^ wherein said perforated microstructure 
powder comprises a bioactive agent whereby said inhalation device provides for the aerosoSzed administration of 
said powder to at least a portion of the nasal or pulmonary air passages of a patient in need thereof. 

54. The system of daim 53 wherein said inhalation device comprises a dry powder inhaler, a metered 
dose inhaler or a ne bulizer. 

55. The system of dam 53 wherein said perforated microstructures are cfispersed In a nonaqueous 
suspension medium. 

56. The system of dam 55 wherein said nonaqueous suspension medium comprises a fluorinated 
compound. 

57. The system of any of daims 54 to 56 wherein said perforated microstructures comprise a 
surfactant. 

58. The system of daim 57 wherein s^d surfactant is selected from the group consisting of 
phospholipids, nonionic detergents, nonionic block copolymers, ionic surfactants, biocompatible fluorinated 
surfactants and combinations thereof. 
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59. The system of deims 57 or 58 wherein said surfactant is a phospholipid. 

60. The system of any of claims 54 to 59 wherein sad bioactive agent is selected from the group 
consisting of antiallergics, bronchodilators, pitoonary lung surfactants, analgesics, antiUotics, leukotriene inhibitors 
or antagonists, antihistamines, antiinflammatories antineoplastics^ anticholinergics, anestheticSr antj-tuberculars, 
nnaging agents, cardiovascidar agents, enzymes, steroids, genetic materid, viral vectors, antisense agents, protans, 
peptides and combinations thereof. 

61. A method for the pulmonary delivery of one or more bioective agents comprising the steps of: 
providing a powder comprising a (durality of perforated microstructures having a bulk density of less 

than about 0.5 gfcm^ wherein said perforated microstructure powder comprises a bioactive agent; 

aerosolizing said perforated microstructure powder to provide an aerosolized medicament; and 
adninistering a therapeutically ef fect'nre amount of said aerosofized me(ficament to at least a portion of the 

nasal or pulmonary air passages of a patient in need thereof. 
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PFC/PC = 2.2 
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